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ABSTRACT 

  

Phosphodiesterase-5 (PDE5) inhibitors are the gold standard treatment for 

pulmonary arterial hypertension (PAH), but a lack of selectivity for this enzyme can 

induce systemic side effects. A new series of quinazoline derivatives, N2,N 4-

disubstituted quinazoline 2,4-diamines, was developed, with compounds 4, 5, 8, 9, 10 

and 11 showing good selectivity for rat PDE5. The aim of the thesis was to 

characterize their inhibitory effects on human PDE5, their vasorelaxant effects and 

related mechanisms on the pulmonary artery (PA) compared with the aorta and 

mesenteric artery (MA), as well as their vascular smooth muscle cells (VSMC) and 

hepatic toxicity (viability and induction/inhibition of rat cytochrome P450 (CYP)). 

Compounds 5 and 11 showed the strongest inhibitory activity of human PDE5, with 

no cytotoxicity for VSMC. These 2 compounds induced a vasodilatory effect on PA, 

which was less effective than sildenafil but more selective for PA compared with the 

aorta. Their vasorelaxant effects in PA were partly endothelium-dependent. They 

involve potentiation of the nitric oxide (NO)/soluble guanylate cyclase (sGC)/cyclic 

guanosine monophosphate (cGMP) pathway and inhibition of calcium fluxes 

(extracellular and intracellular). Their vasodilatory mechanisms were different in MA, 

where they are KCa channel activators, calcium channel blockers, and alpha-1 (α1)-

adrenergic antagonists. Compounds 5 and 11 did not reduce hepatocyte viability but 
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had a weak CYP3A inhibitory effect at 10 µM similar to sildenafil. Unlike these 2 

above compounds, compound 8 showed better aortic selectivity than PA, leading to 

assess its effect on systemic vasculature using nifedipine as a comparator. In MA, the 

vasorelaxant effect of com pound 8 w as com parable to  that of nifedipine. 

Mechanistically, the effect of compound 8 is endothelium-independent, based on the 

potentiation of the sGC/cGMP pathway, opening of the KCa channel, inhibition of 

calcium influx, and antagonism of α1-adrenergic receptors. Intravenous administration 

of compound 8 (0.05 and 0.1 mg/kg) induced arterial hypotension, similar to 

nifedipine in lowering diastolic and mean arterial pressure, but its effect on lowering 

systolic arterial pressure was less than nifedipine. Compound 8 did not affect 

hepatocyte viability and CYP activities, except at high concentrations (>10 µM) at 

which a weak inhibitory effect on CYP1A and 3A was observed. In contrast, 

nifedipine showed a strong inductive effect on CYP1A, 2B, 2C and 3A activities. In 

conclusion, this thesis enabled to identify 2 compounds (5 and 11) that combine a 

good inhibitory effect on human PDE5, good selectivity for pulmonary vasculature 

via endothelium-dependent and independent effects, a low hepatic toxicity and a low 

risk of drug interaction via CYPs. The present study has also identified a new 

compound (compound 8) with a potent endothelium-independent vasorelaxant effect 

on resistance vessels, resulting in a hypotensive effect and associated with a low risk 

of hepatic toxicity/drug interactions. These results demonstrated th at N 2,N 4-

disubstituted quinazoline 2,4-diamines can serve as a basis for the development of 

new drugs for PAH or arterial hypertension. These studies paved the way for future in 

vivo studies to test (i) the effects of compounds 5 and 11 on animal models of PAH 

and (ii) the effects of compound 8 on animal models of arterial hypertension. 
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CHAPTER I 

 

INTRODUCTION 

 

Rationale of the study 

Pulmonary arterial hypertension (PAH) is associated with pulmonary 

vascular remodeling which is a rise in mean pulmonary arterial pressure (mPAP) due 

to elevated pulmonary vascular resistance (PVR). This leads to reduced cardiac output 

(CO), right ventricular hypertrophy, right heart failure, and ultimately death if the 

PAH patients remain untreated (Hassoun, 2021; Humbert et al., 2022). The 

pathogenesis of PAH begins with the structural changes of the small PA from the 

narrowing or obstruction caused by several factors including hypoxia, genetic 

susceptibility, enhanced inflammation, vasoconstriction, vascular smooth muscle cells 

(VSMCs) proliferation, and endothelial dysfunction (Gredic et al., 2021; Humbert et 

al., 2019; Humbert et al., 2008; Sommer et al., 2021). Among the therapeutic options 

available, phosphodiesterase-5 (PDE5) inhibitors are the gold standard for PAH 

treatment (Badlam & Bull, 2017; Gredic et al., 2021; Pesto et al., 2016; Sommer et 

al., 2021). PDE5 specifically hydrolyzes cyclic guanosine monophosphate (cGMP) 

into 5′GMP, thus a high level of PDE5 activity can reduce cGMP in the VSMCs, 

leading to vasoconstriction. Therefore, the higher expression of PDE5 in PAH makes 

it a strong repressor of cGMP signaling in the disease. Therefore, PDE5 inhibitors are 

powerful vasorelaxant drugs (Andersson, 2018; Gredic et al., 2021). Among them, 

sildenafil is a first-line drug for the treatment of PAH, in monotherapy or in 

association with endothelin receptor antagonists (Andersson, 2018; Cruz-Burgos et 

al., 2021; Gautam V Ramani & Myung H Park, 2010; Zirak et al., 2021). Most of the 

side effects of sildenafil are secondary to a loss of selectivity for PDE5 (i.e., visual 

disturbances) and/or for pulmonary circulation (i.e. systemic hypotension, headache, 

flushing, nasal congestion ) (Bhatia et al., 2003; Galiè et al., 2005; Leal et al., 2020). 

In addition, even though the hepatic toxicity of sildenafil has been considered rare, 

some cases of sildenafil-associated hepatotoxicity have been reported in the last 

decade (Graziano et al., 2017). Moreover, sildenafil was suspected as a weak inhibitor 
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of cytochrome P450 (CYP) 1A2, 2C9, 2C19, 2D6, 2E1 and 3A4 (IC50 > 150 µM) 

(Sheweita et al., 2016). Altogether, these data encourage identifying new PDE5 

inhibitors to improve the management of PAH. 

Quinazoline is an aromatic heterocyclic chemical compound with the 

formula C8H6N2 and is also known as benzo-1,3-diazine or 1,3-diazanaphthalene. It is 

a bicyclic structure comprising two fused six-member simple aromatic rings, one 

benzene ring and one pyrimidine ring (Alagarsamy et al., 2018). These motifs make 

quinazolines good templates for the development of molecules of biological and 

pharmaceutical interest (Horton et al., 2003). Many medicines, agrochemicals, and 

veterinary treatments use quinazoline frameworks as building blocks to develop 

various compounds, which were used as marketed drugs for the treatment of arterial 

hypertension (Prazosin, Alfuzosin, Bunazosin, Quinethazone), yeast infection 

(Trimetrexate), cancer (Gefitinib, Erlotinib), or used as a dihydrofolate reductase 

inhibitor  for pharmacological studies (Trimetrexate) (Selvam & Kumar, 2015). 

Consistently, pharmacological studies also demonstrated that quinazoline derivatives 

exhibited anti-inflammatory (Yoon et al., 2012), anti-cancer (Chen et al., 2016), anti-

hyperlipidemia and anti-hyperglycemia (Nie et al., 2016), anti-erectile dysfunction 

(Kim et al., 2008), anti-hypertension (Zuo et al., 2014b) and PDE5 inhibitory 

properties (Paracha et al., 2019; Pobsuk et al., 2019) 

 

Objectives of the study 

Recently, twenty quinazoline derivatives (N2,N4-disubstituted quinazoline 

2,4-diamines) have been designed based on their pharmacophore similarity to 

sildenafil by team of Associate Professor Dr. Matthew Paul Gleeson (Faculty of 

Engineering King Mongkut's Institute of Technology Ladkrabang, Thailand). On a 

hunch, 2-3 quinazoline derivatives, which were prepared for a malaria project, were 

tested against PDE5 based on the analysis of pharmacophoric similarity between the 

compounds and sildenafil. Incidentally, the compounds most active against PDE5 

were inactive against the malaria target using molecular docking and scaffold 

similarity, as described in Pobsuk et al. (2019). Further compounds were then 

designed based on their pharmacophore similarity to sildenafil to develop the 
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compounds as the drug for PAH and a total of 20 compounds were developed and 

measured PDE5 and PDE6 inhibitory activity and structure activity relationship 

(SAR) as described in Pobsuk et al. (2019). Based on their PDE5 inhibitory activity,  

Paracha et al. (2019) collected 13 compounds (compounds 1-13) to investigate their 

vasorelaxant effect on rat PA. Among them, six compounds (compounds 4, 5, 8, 9, 10 

and 11) demonstrated promising inhibitory effects on rat PDE5 as well as inducing 

PA vasorelaxation (Paracha et al., 2019). The potent PDE5 inhibitory activity of the 

quinazoline derivatives suggests that they could potentially be developed as PDE5 

inhibitors for the treatment of PAH. Nevertheless, their vasorelaxant effect and 

underlying mechanisms have never been reported and it remains a matter to be 

explored whether or not these could lead to a reduction of either pulmonary or 

systemic blood pressure. Therefore, to evaluate their potential as future new drugs for 

PAH treatment, the present study investigated the action of quinazoline derivatives as 

PDE5 inhibitors to determine their beneficial effects on pulmonary as compared to 

systemic vasculature. 

 

 

Figure 1 The chemical structure of N2,N4-diaminoquinazoline based compounds 

 

Source: Pobsuk et al. (2019) (Permission from Elsevier) 
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Aims of the thesis 

Twenty quinazoline derivatives (N2,N4-disubstituted quinazoline 2,4-

diamines) have been designed based on their pharmacophore similarity to sildenafil, 

to develop new PDE5 inhibitors for the treatment of PAH (Paracha et al., 2019; 

Pobsuk et al., 2019). Among them, six compounds (compounds 4, 5, 8, 9, 10 and 11) 

present promising inhibitory effects on rat PDE5 and induced PA vasorelaxation 

(Paracha et al., 2019). The potent PDE5 inhibitory activity of the quinazoline 

derivatives suggests that they could potentially be developed as PDE5 inhibitors for 

the treatment of PAH. However, the effects of the quinazoline derivatives have rarely 

been reported in studies on rat pulmonary circulation and systemic circulation, thus 

their mechanisms of actions are still unclear. Therefore, the objective of the present 

study was to investigate the effect of the quinazoline derivatives on cardiovascular 

function and its underlying mechanisms in both pulmonary circulation and systemic 

circulation. Their cytotoxicity on isolated rat hepatocytes and their impact on CYP 

inhibition and induction were also evaluated. All results obtained from this research 

project were tested in non-clinical situations, offering scientific evidence or 

knowledge of the physiological and pharmacological action of quinazoline derivatives 

which would be needed for animal models or clinical studies. Further development is 

needed for quinazoline derivatives to be demonstrated as an alternative drug or 

supplement for patients with PAH or systemic hypertension. The results from this 

study will provide scientific evidence which will inform the future development of 

therapies for PAH and hypertension. 

 

Study I: Identification of N2,N4-disubstituted quinazoline 2,4-diamines with 

human PDE5 inhibition, vasorelaxant effects on pulmonary and systemic circulation, 

cytotoxicity, and CYP activities in comparison to sildenafil. 

To address each objective, experiments were carried out as follows: 

Scope 1: A two-step radioactive assay was employed to investigate the 

inhibitory effects against human PDE5 by the quinazoline derivatives. The PDE5 

enzymes were extracted from cell cultures of human embryonic kidney 293 

(HEK293) cells transfected with human PDE5A1 plasmid. 
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Scope 2: It was important to identify the selectivity of the quinazoline 

derivatives on the pulmonary and systemic circulatory system. An in vitro study of their 

vasorelaxation effects was carried out on various types of rat blood vessels including the 

isolated rat aorta, pulmonary artery (PA) and mesenteric artery (MA). 

Scope 3: The vasorelaxant effects of the quinazoline derivatives on isolated rat 

PA and MA were investigated using the organ bath and myograph techniques. The 

mechanisms of actions of the quinazoline derivatives on the endothelium, such as the 

involvement of NO, PGI2 and EDHF pathways, were examined. The mechanisms of the 

actions of the quinazoline derivatives on VSMCs, such as the involvement of K+ 

channels, Ca2+ channels, α1-adrenergic receptor and sGC/cGMP pathway, were also 

investigated. Sildenafil was used as a reference comparator. 

Scope 4: The structure-activity relationship (SAR) of the quinazoline 

derivatives were determined based on their tested activities. 

Scope 5: The in vitro cytotoxicity of the quinazoline derivatives and 

sildenafil was tested on freshly isolated VSMCs from rat aorta and PA using a methyl 

thiazolyl tetrazolium (MTT) assay. 

Scope 6: The in vitro cytotoxicity of the quinazoline derivatives was tested 

on freshly isolated rat hepatocytes using MTT assay. Sildenafil was used as a 

reference comparator. 

Scope 7: The non-cytotoxic concentrations of the quinazoline derivatives 

were chosen to treat hepatocytes before testing their effect on CYP activities, 

including CYP1A, 2B, 2C, and 3A. Sildenafil was used as a reference comparator. 

The results from this study were published in Vascular Pharmacology 

(Chatturong et al., 2022). 

Usana Chatturong, Hélène Martin, Perle Totoson, Kornkanok Ingkaninan, 

Prapapan Temkitthawon, Saharat Sermsenaphorn, Thanachon Somarin, Adchatawut 

Konsue, M. Paul Gleeson, Céline Demougeot, Krongkarn Chootip. Quinazoline-based 

human phosphodiesterase 5 inhibitors exhibited a selective vasorelaxant effect on rat 

isolated pulmonary arteries involving NO-sGC-cGMP pathway and calcium 

inhibitory effects. Vascular Pharmacology (Q1, impact factor 5.738). Volume 147, 

December 2022, 107111. Doi: 10.1016/j.vph.2022.107111 
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Study II:. Effects of compound 8 on isolated MA and mechanisms involved, 

blood pressure, cytotoxicity, and CYP activities in comparison to nifedipine. 

To address each objective, experiments were carried out as follows: 

Scope 1: The vasorelaxant effects of the compound 8 on isolated rat MA were 

investigated using myograph techniques. The mechanisms of actions of compound 8 on 

the endothelium, such as the involvement of NO, PGI2 and EDHF pathways, were 

examined. The mechanisms of the actions of the quinazoline derivatives on VSMCs, such 

as the involvement of K+ channels, Ca2+ channels, α1-adrenergic receptor, and 

sGC/cGMP pathway, were also investigated. Nifedipine was used as a reference 

comparator. 

Scope 2: The in vivo effect of the intravenous injection of compound 8 on 

anesthetized rats was determined by measuring systolic blood pressure (SBP), 

diastolic blood pressure (DBP), mean arterial blood pressure (MAP) and heart rate 

(HR). Nifedipine was used as a reference comparator. 

Scope 3: The SAR of compound 8 was determined based on their tested 

activities. 

Scope 4: The in vitro cytotoxicity of compound 8 was tested on freshly 

isolated rat hepatocytes using MTT assay. Nifedipine was used as a reference 

comparator. 

Scope 5: The non-cytotoxic concentrations of compound 8 were chosen to 

treat hepatocytes before testing their effect on CYP activities, including CYP1A, 2B, 

2C, and 3A. Nifedipine was used as a reference comparator. 

The results from this study were published in European Journal of 

Pharmacology. 

Usana Chatturong, Krongkarn Chootip, Hélène Martin, Maude Tournier-Nappey, 

Kornkanok Ingkaninan, Prapapan Temkitthawon, Saharat Sermsenaphorn, Thanachon 

Somarin, Adchatawut Konsue, M. Paul Gleeson, Perle Totoson and Céline 

Demougeot. The new quinazoline derivative (N2-methyl-N4-[(thiophen-2-yl)methyl] 

quinazoline-2,4-diamine) vasodilates isolated mesenteric arteries through 

endothelium-independent mechanisms and has acute hypotensive effects in Wistar 

rats. European Journal of Pharmacology (Q1, impact factor 5.195). Volume 953, 15 

August 2023, 175829. Doi: 10.1016/j.ejphar.2023.175829 



 
 

CHAPTER II 

 

REVIEW OF RELATED LITERATURE AND RESEARCH 

 

Review related to quinazolines  

1. Structure of quinazoline 

Quinazoline (benzo-1,3-Diazine or 1,3-diazanaphthalene) is an aromatic 

heterocyclic chemical compound with the formula C8H6N2 and molecular weight 

130.15 g/mol. It is a bicyclic structure comprising two fused six-member simple 

aromatic rings, one benzene ring and one pyrimidine ring (Figure 2) (Ajani et al., 

2016; Karan et al., 2021). The quinazoline nucleus was first isolated from the Chinese 

plant aseru (Dichroa febrifuga Lour) by chemist Siegmund Gabriel in 1903. Widdege 

was the first scientist to name this nucleus "quinazoline" based on its appearance 

(Faisal & Saeed, 2021). The presence of nitrogen-based heterocyclic ring structures in 

most medicinal chemistry reveals particular specificities in their pharmacological 

targets (Alsibaee et al., 2023). Thus, these motifs make quinazoline good templates 

for the development of new derivatives of biological and pharmaceutical interest 

(Horton et al., 2003). The synthesizing of many medicines, agrochemicals, and 

veterinary treatments uses quinazoline frameworks as building blocks, mediated by 

the patterns of substitution on the 1,3-diazine entity of the system (Ajani et al., 2016; 

Faisal & Saeed, 2021; Horton et al., 2003). 

 

 

Figure 2 Structure of quinazoline 

 

Source: Made by Usana Chatturong (2023)  
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Consistently, pharmacological studies also demonstrated that quinazoline 

derivatives exhibit antioxidant (Almehizia et al., 2019), anti-inflammation (Yoon et 

al., 2012), anti-bacterial (Misra et al., 2020), anti-cancer (Chen et al., 2016), anti-

tubercular (Jadhavar et al., 2020), anti-hyperlipidemia and anti-hyperglycemia (Nie et 

al., 2016), anti-erectile dysfunction (Kim et al., 2008), anti-hypertension (Zuo et al., 

2014b) and PDE5 inhibitory properties (Paracha et al., 2019; Pobsuk et al., 2019). 

 

2. Therapeutic properties of quinazolines 

2.1 Antioxidant 

Reactive oxygen species (ROS) play a vital role in aging and the 

pathogenesis of age-related diseases. The basic nuclei of 2-methyl-4H-

benzo[d][1,3]oxazin-4-one and 3-amino-2-methylquinazolin-4(3H)-one were 

successfully synthesized as quinazoline derivatives (compound 1-6), as shown in 

Figure 3. Their antioxidant activities were measured using a 1,1-diphenyl-2-

picrylhydrazyl (DPPH) assay and a nitric oxide (NO) radical scavenger assay. The 

results revealed that compounds 5 and 6 serve as highly resourceful scavengers 

against DPPH (2,2-diphenyl-1-picryl-hydrazyl-hydrate) and NO and have also shown 

antioxidant activity higher than the common antioxidant, ascorbic acid (vitamin C) 

(Al-Azawi, 2016). 

 

 

Figure 3 Synthesis of quinazoline derivatives (compound 1-6) 

 

Source: Al-Azawi (2016) (Permission from Scientific Publishers)  
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2.2 Anti-inflammation 

New compounds synthesized from 3-phenyl-2-substituted-3H-

quinazolin-4-one with different aldehydes and ketones (Figure 4) showed greater anti-

inflammatory activity than the reference standard diclofenac sodium. The compounds 

that moderated the inflammation from carrageenan-induced paw edema in rats are 2-

(N-2-butylidene-hydrazino)-3-phenyl-3H-quinazolin-4-one (AS1), 2-(N-3-

pentylidene-hydra zino)-3-phenyl-3H-quinazo lin-4-one (AS2) and 2-(N-2-

pentylidene-hydrazino)-3-phe nyl-3H-quinazolin-4-one (AS3). However, AS3 is the 

best compound which has a higher percentage analgesic activity than other 

compounds (Alagarsamy et al., 2007). 

 

 

Figure 4 The synthesis of 3-phenyl-2-substituted-3H-quinazolin-4-one with 

different aldehydes and ketones (AS1-15) 

 

Source: Alagarsamy et al. (2007) (Permission from Elsevier) 

 

2.3 Anti-cancer 

2-chloro-6-phenyl-8H-quinazolino[4,3-b]quinazolin-8-one is a natural 

quinazoline derivative isolated from the marine sponge Hyrtios erectus. This 

compound has demonstrated anti-cancer activity by inducing apoptosis of the human 
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breast carcinoma cell line (De et al., 2019). In addition, quinazoline was used as the 

core structure in the design of a new series of 6, 7-dialkoxy-4-anilinoquinazolines by 

substituting different heterocycles on position 6 and a variety of anilines on position 4 

(Figure 5). These compounds were evaluated for their cytotoxic effect on the 

epidermal growth factor receptor overexpressing skin epidermoid carcinoma cell line 

(A431). This result indicated that 2-butyl-4-chloro-1-[3-[7-methoxy-4-(3-(trifluoro 

methyl)phenylamino) quinazolin-6-yloxy]-propyl]-1H-imidazole-5-carboxaldehyde (30), 

with IC50 of 3.5 µM, and 2-butyl-4-chloro-1-(3-[4-(3-iodophenyl amino)-7-

methoxyquinazolin-6-yloxy]propyl)-1H-imidazole-5-carboxaldehyde (33) with IC50 of 3 

µM, show the highest activity against cell proliferation of A431 (Chandregowda et al., 

2009). 

 

 

Figure 5 Chemical structures of anti-cancer drugs 

 

Source: Chandregowda et al. (2009) (Permission from Elsevier) 

 

2.4 Anti-infectives 

Various quinazoline derivatives have been synthesized and screened 

for their antimicrobial screening against various microbial strains. Constantly 

increasing antimicrobial resistance requires researchers to synthesize new compounds 

and test their activities. Vivek Gupta and coworkers synthesized novel 4(3H)-

quinazolinone analogues by replacing the styryl moiety and substituted oxadiazole at 

the second and third position of 4(3H)-quinazolinone. They obtained new compounds 

called 3-[5-(4-substituted) phenyl-1,3,4-oxadiazole-2-yl]-2-styryl quinazoline-4(3H)-

one (7a–o), as shown in Figure 6. These compounds were screened for their anti-

bacterial and anti-fungal activity. Compound 7d, the most active of the prepared 

series, inhibited both bacteria; Staphylococcus aureus, Bacillus subtilis, Pseudomonas 
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aeruginosa, and Escherichia coli, and fungi; Aspergillus niger and Fusarium 

oxysporum (Gupta et al., 2008). 

 

 

Figure 6 Scheme for the synthesis of the 3-[5-(4-substituted) phenyl-1,3,4-oxadia 

zole-2-yl]-2-styryl quinazoline-4(3H)-one (7a–o) 

 

Source: Gupta et al. (2008) (Permission from Springer Nature) 

 

Rondla Rohini and coworkers developed a new series of indolo[1,2-

c]quinazoline derivatives which were prepared through the reaction of 2-(o-

aminophenyl)indole (A), the key compound for the building of the indolo[1,2-

c]quinazoline, with a variety of arylaldehydes (Figure 7). The new series of 

indolo[1,2-c] quinazoline derivatives were investigated for their anti-bacterial and 

anti-fungal activity. The results revealed that the indolo[1,2-c]quinazoline derivatives 

including compounds IIa, IIf, IIh and IIi had the highest activity against all gram-

positive bacteria consisting of Staphylococcus aureus, Bacillus subtilis and 

Streptococcus pyogenes (Rohini et al., 2010). 
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Figure 7 Synthetic route of mono, bis-indolo[1,2-c]quinazolines 

 

Source: Rohini et al. (2010) (Permission from Elsevier) 

 

2.5 Antipsychotics 

Mario Alvarado and coworkers synthesized new quinazoline derivatives 

(compounds 14 and 15, Figure 7), and their anti-psychotic activity was evaluated 

using human serotonin subtypes 2A (5-HT2A), 5-HT2C and dopamine D2 binding site 

assay. They reported that compound 15 presented the highest affinities to the 

serotonin 5-HT2A and dopamine D2 receptors, which are mechanisms of atypical 

antipsychotics (Alvarado et al., 2006). 

 

 

Figure 8 Quinazoline derivative structures for screened anti-psychotics activity. 

 

Source: Alvarado et al. (2006) (Permission from John Wiley and Sons)  
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2.6 Anti-diabetes and Anti-obesity 

Osama Mohamed Ahmed and coworkers designed a novel quinazoline 

derivative that is 1-thioxo-1,2,7,8,9,10-hexahydro-3H-pyrimido[1,6-a] quinazolin-3-

one. They tested the anti-hyperglycemic and anti-hyperlipidemic properties in 

neonatal streptozotocin (n-STZ)-induced type 2 diabetic rats. After 14 weeks post-

STZ injection, the rats were treated with 1-thioxo-1,2,7,8,9,10-hexahydro-3H-

pyrimido[1,6-a]quinazolin-3-one at the dose of 10 mg/kg body weight (BW) per day 

by oral administration for 3 weeks. The result showed that this derivative had 

remarkable potential in STZ-induced type 2 diabetic male and female rats as anti-

hyperglycemic and anti-hyperlipidemic agents (Ahmed et al., 2012). 

Rutaecarpine or 8,13-dihydroindolo-[2',3':3,4]-pyrido[2,1-b]quinazolin 

-5(7H)-one was extracted from the dried fruit of Wu-Chu-Yu (Evodia rutaecarpa 

(Juss) Benth), which is known as the Chinese herb. The anti-diabetic and anti-obesity 

activities of this compound were studied in male Sprague-Dawley rats fed on a high-

fat diet for 8 weeks, followed by STZ injection to induce hyperlipidemia and 

hyperglycemia. After one week of STZ injection, the rats were orally treated with 

rutaecarpine at the dose of 25 mg/kg BW/day for 7 weeks. The results showed that the 

treatment with rutaecarpine significantly decreased obesity, visceral fat accumulation, 

and serum total cholesterol, triglyceride and low-density lipoprotein cholesterol levels 

and increased high-density lipoprotein cholesterol levels in fat-fed/STZ rats. In 

addition, rutaecarpine significantly decreased blood glucose levels at week 16 more 

than was shown in the fat-fed/STZ-control group. This study suggested that 

rutaecarpine can attenuate hyperglycemia and enhanced insulin sensitivity (Nie et al., 

2016). 

 

2.7 Anti-hypertension 

A number of quinazoline alkaloids have been isolated from the dried, 

unripe fruit of Evodia rutaecarpa (Juss.) Benth (Rutaceae, popularly known in China 

as “Wu-Chu-Yu”), including dehydroevodiamine, evodiamine, rutaecarpine, 

rutaevine, wuchuyine, and rhetsinine (Chen & Chen, 1933). Wen-Fei Chiou and 

coworker have evaluated the pharmacological actions of quinazoline alkaloids 
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isolated from E. rutaecarpa including dehydroevodiamine (1), evodiamine (2), and 

rutaecarpine (3), Figure 9. Their vascular action were evaluated on male Sprague-

Dawley rat thoracic aorta using the organ bath technique. All compounds produced 

cumulative concentration-dependent relaxation (10-7-10-4 M) in thoracic aortic rings 

pre-constricted with phenylephrine (PE, 3×10-7 M). These results demonstrated that 

all compounds elicited concentration-dependent vasodilation in endothelium-intact 

aortic rings with equal potency, by showing the Emax as 100% and IC50 as 1.64 µM for 

1, 0.93 µM for compound 2 and 1.05 µM for compound 3. Compound 3 caused a 

complete (100%) NO-dependent vasodilatation, while compound 1 produced a 10% 

endothelium-dependent effect and compound 2 produced a 50% endothelium-

dependent effect. At the same time, both compounds 1 and 2 also functioned by other 

mechanisms such as the probable antagonist effect on the α1-adrenergic receptor and 

serotonin receptor (Chiou et al., 1996). 

 

 

Figure 9 Chemical structure of quinazoline alkaloids isolated from E. rutaecarpa, 

dehydroevodiamine (1), evodiamine (2), and rutaecarpine (3) 

 

Source: Chiou, Liao, & Chen (1996) (Permission from American Chemical Society) 
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Several quinazolinone-arylpiperazine derivatives (Figure 10) have been 

tested for their in vivo hypotensive activity. The effect of nine selected compounds 

including 4b, 9b, 9e, 13b, 13g, 13i, 13j, 13k and 13l at the dose of 500 µg/kg BW 

were investigated for their effect on the blood pressure of normotensive rats using the 

cannulation technique, of which prazosin was used as a positive control. The results 

indicated that most of the tested compounds could reduce both systolic blood pressure 

(SBP) and diastolic blood pressure (DBP). Compound 13j showed more potent anti-

hypertensive activity than prazosin. In addition, compounds 4b, 9e, 13i, and 13j were 

found to have potent α1-adrenoreceptor antagonistic activity, which displayed lower 

IC50 values and higher potency than prazosin in inhibiting norepinephrine-induced 

contraction in isolated rat aorta (Figure 12) (Abou-Seri et al., 2011). 

 

 

Figure 10 Chemical structure of quinazolinone-arylpiperazine derivatives 

 

Source: Abou-Seri et al. (2011) (Permission from Elsevier) 

 

Other than natural resources, based on diverse pharmacological 

activities possessed by quinazoline nucleus, scientists have synthesized various 

analogues such as 3-benzylquinazolin-4(3H)-ones. Sai-Jie Zuo and a coworker 

synthesized a series of 3-benzylquinazolin-4(3H)-ones and their vasodilatory effects 

were evaluated on isolated rat mesenteric arterial rings using a wire myograph. The 
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results showed that compounds 2a and 2c (Figure 11) significantly induced greater 

vasorelaxation of the isolated rat mesenteric arterial rings than the effect of 

nitrendipine that was used as a reference drug. In addition, incubation of arterial rings 

with each compound decreased the vasoconstriction afforded by phenylephrine (PE). 

The anti-hypertensive effects of compounds 2a and 2c were also investigated in vivo 

in hypertensive rat models. The spontaneously hypertensive rats (SHR) were orally 

administrated with either compounds 2a and 2c at the dose of 4 mg/kg BW or with 

nitrendipine at the dose of 2 mg/kg BW. Systolic blood pressure (SBP) and diastolic 

blood pressure (DBP) was measured before (0 h) and after (1 h) drug administration. 

The results indicated that compounds 2a and 2c exhibited significant antihypertensive 

effects in SHR. Compound 2c was more potent than compound 2a (Zuo et al., 2014a). 

 

 

Figure 11 Chemical structure of 3-benzylquinazolin-4(3H)-ones derivatives (2a-2l) 

 

Source: Zuo et al. (2014) (Permission from Elsevier) 

 

2.8 PDE5 inhibitory properties 

PDE5 specifically hydrolyses cGMP into 5′GMP, thus a high level of 

PDE5 can cause a reduction in cGMP that leads to VSMCs contraction and finally 

vasoconstriction. Therefore, the inhibitors of PDE5 are powerful vasoactive drugs that 

are widely used to treat ED and PAH (Andersson, 2018; Gredic et al., 2021). 



17 

 

Utilization of sildenafil (PDE5 inhibitor) for ED and PAH treatment comes with 

shortcomings because of its lack of selectivity. As a result, it is necessary to discover 

and synthesize more potent compounds capable of inhibiting PDE5 and treating ED 

and PAH more effectively and with lower side effects. 

Rotella et al. (2000) synthesized new quinazoline analogues and 

investigated their effects on the treatment of ED in a comparative study with sildenafil 

(as the positive control) on corpus cavernosum tissue strips isolated from adult male 

white rabbits. The results showed that 1-[3-[1-[(4-Fluorophenyl) methyl]-7,8-dihydro-

8-oxo-1H-imidazo[4,5-g]quinazolin-6-yl]-4-propoxyphenyl] carboxamide (compound 

14, ) had higher PDE5 inhibitor activity (IC50 as 0.48 nM) than other analogues and 

had less affinity for PDE6. In a functional assay of erectile function, the compound 

demonstrated activity similar to sildenafil based on the ability of the compound to 

induce relaxation of rabbit corpus cavernosum tissue. The search for potent and more 

selective PDE5 inhibitors is an ongoing process. 

 

 

Figure 12 Chemical structure of compound 14 

 

Source: Rotella et al. (2000) (Permission from Journal of Medicinal Chemistry) 

 

Bi et al. (2004) reported that 4-benzylaminoquinoline derivatives were 

highly potent and selective at the same time with suitable substitutions at 6,7 and 8 

positions on quinazoline structure (Figure 13). Compounds 6f, 6h, 6i and 6j 

demonstrated higher potency for the inhibition of PDE5 than PDE1, PDE6 and 

PDE11 whose IC50 to inhibit PDE5 is around 50 pM. 
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Figure 13 Chemical structure of 4-benzylaminoquinoline derivatives 

 

Source: Bi et al. (2004) (Permission from Elsevier) 

 

Kim et al. (2008) studied the effect of new quinazoline derivatives on 

PDE5 activity with simple substitution at 6-, 7-, or 8-position (Figure 14A), with 

sildenafil and tadalafil used as positive references. They found that compound 13 (4-

(3-chloro-4-methoxy)-benzylamino-7-methoxy quinazoline) with alkyl groups at the 

8-position showed higher potency to inhibit PDE5 than other derivatives. Therefore, 

they are continuing their study by using compound 13 structure as a stereotype for the 

synthesis second series of new quinazoline derivatives (compounds 23-28, Figure 

14B) with various alkyl groups at the 8-position and different functional groups at the 

R position. Compounds 25 and 28 were the most effective for inhibiting PDE5 at IC50 

0.01 µM for compound 25 and 0.001 µM for compound 28. In addition, compound 28 

showed 10-fold more potency to inhibit PDE5 than tadalafil (IC50 0.012) and 

sildenafil (IC50 0.01 µM). Compounds 25 and 28 were selected for a study on a 

conscious rabbit model. The rabbits were orally administered with compounds 25 and 

28 (3 and 10 mg/kg) and tadalafil (3 mg/kg) for 60 min, followed by a sodium 

nitroprusside (SNP, 0.1 mg/kg) injection and the length of the penis erection was 

measured. The results showed that there was no penile erection in the vehicle group, 

while the erectogenic effect was potentiated by SNP injection which is an NO donor 

that was used as a sexual stimulant. Both compounds presented a similar dose-

dependent erectogenic effect than tadalafil. 

 



19 

 

 

 

Figure 14 Chemical structure of quinazoline derivatives (A) and 4-(3-chloro-4-

methoxy)-benzylamino-7-methoxy quinazoline derivatives (B)  

 

Source: Kim et al. (2008) (Permission from Elsevier) 

 

Recently, Associate Professor Dr. Matthew Paul Gleeson and team 

(Faculty of Engineering King Mongkut's Institute of Technology Ladkrabang, 

Thailand). synthesized 20 new N2,N4-disubstituted quinazoline 2,4-diamines 

derivatives, as shown in Figure 1. These derivatives were designed based on their 

pharmacophore similarity to sildenafil and developed as PDE5 inhibitors. The 

investigation of their PDE5 and PDE6 inhibitory activities revealed that all 

quinazoline derivatives inhibited the PDE5 enzyme isolated from rat lungs. 

Specifically, compounds 5 and 11 displayed high potency as PDE5 inhibitors, 

exhibiting around 4-fold greater selectivity over PDE6 inhibition, while sildenafil 

demonstrated a 6.5-fold selectivity for PDE5 over PDE6 (Pobsuk et al., 2019). 

Furthermore, it was found that compound 20, containing a pyrimidine core, was 

inactive in inhibiting the PDE5 enzyme, with an IC50>10 μM. This indicates the 

essential role of a quinazoline ring for PDE5 inhibition. Based on their PDE5 

inhibitory activity, Pobsuk et al. (2019) selected 13 compounds (compounds 1-13 

with N2, N4-disubstituted quinazoline 2,4-diamines core structure) to investigate their 

cytotoxicity on alveolar basal epithelial cells and their vasorelaxant effect on rat 
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pulmonary artery (PA). The study revealed cytotoxicity, with an IC50 of 3 μM for 

compound 7 and >11 μM for other compounds. Moreover, compounds 8, 9, 10, 5, 11, 

and 4 were the most active in inducing PA relaxation, respectively. The potent PDE5 

inhibitory and vasorelaxant activities of the quinazoline derivatives suggest that they 

could potentially be developed as PDE5 inhibitors for the treatment of PAH. 

Nevertheless, their selectivity to induce PA relaxation and the underlying mechanisms 

have never been reported and it remains a matter to be explored whether or not these 

could lead to a reduction of either pulmonary or systemic blood pressure. 

 

3. Quinazolines in the markets 

Quinazoline is a good template for the development of new derivatives of 

biological and pharmaceutical interest. There are several approved drugs with a 

quinazoline structure in the market, as described in the Table 1. 
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Review of related cardiovascular physiology and hypertension 

1. Vascular structure 

Blood vessels transport oxygen (O2) to critical organs and tissues while also 

removing metabolic waste from the tissue. Blood vessels include the artery, capillary, 

and vein that are linked in series. The three types of blood vessels have distinct sizes 

and histologic characteristics (Figure 15). The wall surrounding the lumen of the 

artery and vein is made up of three tissue layers, while the capillary is made up of one 

tissue layer. The innermost layer, the tunica intima, is a single layer of simple 

squamous endothelial cells lined on the basement membrane that is in direct contact 

with the blood in the lumen. The middle layer, tunica media, consists of circularly 

arranged smooth muscle cells (SMCs) and a sheet of elastin, which regulates blood 

flow and pressure by vasoconstriction or vasorelaxation. The outermost layer, tunica 

externa or tunica adventitia, is composed of lymphatic, nerve plexus, and fibro-elastic 

connective tissue that protects the blood vessels and anchors them to the surrounding 

structures (Pugsley & Tabrizchi, 2000). 

Based upon differences in function and histology, arteries can be classified 

into three distinct types; elastic arteries, muscular arteries, and arterioles (Martini et 

al., 2011). 

1. Elastic (or conducting) arteries are the large blood vessels 

present near the heart or other organs associated with the movement of a large volume 

of blood e.g., the aorta, PA, and common carotid artery. The tunica media is 

composed of many layers of elastic membranes and smooth muscles. These arteries 

have a good distensibility, which is particularly adapted to accommodate large 

changes in blood volume, thus helping to maintain relatively constant pressure in the 

arteries despite the pulsating nature of the blood flow.  

2. Muscular (or distributing) arteries are medium-sized arteries, 

which ensure the rapid and complete distribution of blood from an elastic artery to all 

organs and tissues. The walls of these arteries contain more smooth muscles than 

elastic tissues. 

3. Arterioles are small diameter blood vessels which have thin 

muscular walls composed of one or two layers of smooth muscle. The arterioles are the 

primary site of vascular resistance that extend and branch out from the arteries to the 
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capillaries. The function of these arterioles is to reduce blood flow from the large 

arteries. This reduction in flow and pressure is necessary to prevent damage to the 

capillaries. 

 

 

Figure 15 Structure of the artery, capillary, and vein in systemic vasculature 

 

Source: Made by Usana Chatturong (2023) 
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2. Mechanisms involved in vascular tone regulation. 

Vascular tone is regulated by several factors, such as neurotransmitters, 

hormones, and paracrine mediators. Changes of vascular tone can lead to either 

vasoconstriction or vasodilation and the mechanisms involved are explained as 

follows. 

2.1 Vasoconstriction 

The mechanisms of vasoconstriction involve an increase in intracellular 

Ca2+ concentration ([Ca2+]i) via various signal transduction pathways. The main 

contractile machinery of VSMCs consists of Ca2+-dependent mechanisms and Ca2+-

independent mechanisms. 

 

 

Figure 16 Vasoconstrictive mediators acting on VSMC 

 

Source: Made by Usana Chatturong (2023) 

 

Abbreviations : ACh, acetylcholine; Ang II, angiotensin II; AII, angiotensin II 

receptors; ET-1, endothelin-1; ETA, endothelin receptor type A ; ETB, endothelin 

receptor type B; His, histamine; H, histamine receptors; NE, norepinephrine, α1, α1-

adrenergic receptors; α2, α2-adrenergic receptors; 5-HT, 5-hydroxytryptamine 

(serotonin); 5-HT2, 5-hydroxytryptamine receptors; M3, muscarinic receptors; PE, 

phenylephrine; PGF2α, Prostaglandin F2α; FP, PGF2α receptors; TXA2, thromboxane 

A2; TP, thromboxane-prostanoid receptors; VOCC, voltage-operated Ca2+ channels. 
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2.1.1 VSMC contraction via Ca2+-dependent mechanisms 

An increase in [Ca2+]i in response to drug, humoral, or neural 

stimuli (Figure 16) is an important role of vascular smooth muscle excitation-

contraction coupling (Oguzhan et al., 2013). When a vasoconstrictor, such as 

phenylephrine (PE, 1-adrenergic receptor agonist), binds to the Gq-protein-coupled 

receptors (GPCRs) on the VSMC membrane, the GPCR signaling pathway leads to 

induce the contraction (Figure 17). PE binds to 1-adrenergic receptors and then Gq 

coupling activates phospholipase C (PLC), which promotes the hydrolysis of 

phosphatidyl inositol-4,5-bisphosphate (PIP2) into inositol-1,4,5-trisphosphate (IP3) 

and diacylglycerol (DAG). IP3 binds to the inositol trisphosphate receptors (IP3R) on 

sarcoplasmic reticulum (SR), which causes Ca2+ release from SR. DAG activates 

receptor-operated Ca2+ channels (ROCCs) and protein kinase C (PKC). The activation 

of PKC leads to the inhibition of the potassium (K+) channels, which leads to VSMC 

depolarization and activates Ca2+ influx via Ca2+ channels such as ROCCs, L-type 

voltage-operated Ca2+ channels (VOCCs), second messenger-operated Ca2+ channels 

(SMOCs), store-operated Ca2+ channels (SOCCs), and Na+-Ca2+ exchanger (NCX). 

PKC also stimulates the activity of the ryanodine receptor (RyR) on SR (Amberg & 

Navedo, 2013; Liu & Khalil, 2018; Misárková et al., 2016; Touyz et al., 2018). 

Together, both the extracellular and intracellular sources increase the [Ca2+]i, resulting 

in VSMC contraction. In addition, PKC inhibits myosin light chain phosphatase 

(MLCP) activity via phosphorylation of CPI-17, leading to reduced MLCP activity 

(Liu & Khalil, 2018; Misárková et al., 2016; Touyz et al., 2018).  

The elevation of [Ca2+]i activates the contractile machinery in 

VSMCs as follows: (1) Ca2+ forms a complex with the calcium-binding protein, 

calmodulin (CAM) to Ca2+-calmodulin complex (Ca2+-CaM). (2) When Ca2+-CaM 

binds to myosin light chain kinase (MLCK), leading to the phosphorylation of the 20-

kDa myosin light chain (MLC20) using adenosine triphosphate (ATP). This 

phosphorylation event converts the inactive state of myosin light chain (MLC) to an 

active state, promoting the activation of the myosin ATPase activity. (3) MLCK leads 

to cross-bridge formation between the myosin heads and the actin filaments, which 

generates force and shortening and consequent VSMC contraction (see Figure 17) 

(Cole & Welsh, 2011; Misarkova et al., 2016; Touyz et al., 2018). The regulation of 
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[Ca2+]i is very important to maintain vascular tone. This depends on the balance 

between the extracellular Ca2+ influx to the cells via various types of Ca2+ channels, 

mainly L-type and T-type in vessels, or intracellular Ca2+ release from the SR via IP3R 

and RyR, and the removal of Ca2+ either out of the cells via plasma membrane Ca2+-

ATPase (PMCA), NCX or back into the SR via SR Ca2+-ATPase (SERCA) (Cole & 

Welsh, 2011; Misarkova et al., 2016; Touyz et al., 2018).  

 

 

Figure 17 Mechanisms of vasoconstriction 

 

Source: Made by Usana Chatturong (2023) 

 

Abbreviations : ATP, adenosine triphosphate; CaM, calmodulin; CPI-17, protein 

kinase C-potentiated phosphatase inhibitor protein-17 kDa; DAG, diacylglycerol; 

GPCR, G-protein-coupled receptor; IP3, inositol-1,4,5-trisphosphate; IP3R, inositol 

trisphosphate receptor; Kv, voltage-gated potassium channel; MLCK, myosin light 

chain kinase; MLCP, myosin light chain phosphatase; MYPT1, myosin phosphatase 

targeting subunit 1; NCX, Na+-Ca2+ exchanger; PIP2, phosphatidyl inositol 1,4-

bisphosphate; PKC, protein kinase C; PLC, phospholipase C; PMCA, plasma 

membrane Ca2+-ATPase; RhoA, Ras homolog family member A; ROCC, receptor-
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operated Ca2+ channels; ROCK, Rho-associated protein kinase; RyR, ryanodine 

receptor; SERCA, sarcoplasmic reticulum Ca2+-ATPase; SMOC, second messenger-

operated Ca2+ channel; SOCC, store-operated Ca2+ channel; SR, sarcoplasmic 

reticulum; VOCC, voltage-operated Ca2+ channel.  

 

2.1.2 VSMC contraction via Ca2+-independent mechanisms 

Vasoconstriction can result from Ca2+ sensitization (Ca2+ 

sensitivity of myofilaments). Myofilament Ca2+ sensitization activates the MLCK 

which is achieved partly by the inhibition of MLCP. There are two basic components 

in the inhibition of MLCP. These include the phosphorylation of regulatory myosin 

phosphatase targeting subunit 1 (MYPT1) and the phosphorylation of protein kinase 

C-potentiated phosphatase inhibitor protein-17 kDa (CPI-17). Both components are 

phosphorylated by the Ras homolog family member A (RhoA)-Rho-associated 

protein kinase (ROCK) pathway. The activation of ROCK activates MYPT1 and CPI-

17 leading to the inhibition of MLCP activity and vasoconstriction, see Figure 17 

(Mahn et al., 2010; Touyz et al., 2018). 

 

2.2 Vasorelaxation 

The mechanisms of vasorelaxation involve mainly a decrease in [Ca2+]i 

in VSMC. This interferes with contractile machinery by lowering the Ca2+-CaM 

complex and the cross-bridge formation between actin and myosin. This reduction of 

the contraction finally induces vasorelaxation. Several signal transduction pathways 

lead to a decrease in the [Ca2+]i of VSMCs and vasorelaxation. 

2.2.1 Endothelium-dependent mechanisms 

The endothelium comprises the major cells of the internal 

layer and plays a central role in the dynamic regulation of vascular tone by 

synthesizing and releasing various endothelium-derived relaxing factors (EDRF), see 

Figure 18. These relaxing factors lead to VSMC relaxation and vasorelaxation. These 

include the following: 
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Figure 18 Mechanisms of potential endothelial cell mediated vasorelaxation 

 

Source: Made by Usana Chatturong (2023) 

 

2.2.1.1 Nitric oxide (NO) 

NO is an important physiological vasodilator secreted by 

the endothelial cell. It is produced from the oxidation of L-arginine via the enzymatic 

action of endothelial NO synthase (eNOS) that produces L-citrulline in the presence 

of O2, nicotinamide adenine dinucleotide phosphate (NAPDH), and other essential 

cofactors such as tetrahydrobiopterin. There are 3 isoforms of NO synthase (NOS); 

(1) neuronal NOS (nNOS) is predominant in neuronal tissue and found in most 

normal bodies that can be activated by Ca2+-CaM, (2) Inducible NOS (iNOS) is found 

in a wide range of cells and tissues that are activated during inflammation. iNOS is 

Ca2+-CaM independent, therefore the activation does not need Ca2+-CaM, and (3) 

Endothelial NOS (eNOS) is found in vascular endothelial cells, cardiomyocytes, 

airway epithelial cells and platelets and is Ca2+-CaM dependent (Alderton et al., 

2001). The endothelium-derived NO diffuses into the VSMCs, where it activates 

soluble guanylyl cyclase (sGC) which converts guanosine triphosphate (GTP) to 

cGMP. This in turn activates downstream cGMP-dependent protein kinase i.e., 

protein kinase G (PKG) to relax the VSMC via the increase of Ca2+ influx into SR by 

the activation of SERCA, resulting in the reduction of [Ca2+]i. In addition, PKG 
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activates the opening of the K+ channels, which causes membrane hyperpolarization 

which subsequently inhibits the L-type Ca2+ channels on the plasma membrane of the 

VSMCs and leads to the decrease of [Ca2+]i (Triggle et al., 2012; Zhao et al., 2015). 

PKG also inhibits ROCK and MYPT1, thereby increasing MLCP activity and 

resulting in dephosphorylation of the myosin light chain (Mahavadi et al., 2014; Mahn 

et al., 2010). These effects ultimately promote vasorelaxation, see Figure 19. 

 

 

Figure 19 Mechanisms of vasorelaxation 

 

Source: Made by Usana Chatturong (2023) 

 

2.2.1.2 Prostacyclin (PGI2) 

PGI2 is produced by the endothelium in response to shear 

stress (it is more for NO than for PGI2) and also to agonists that increase Ca2+ in 

endothelial cells. The activation of phospholipase A2 (PLA2) liberates arachidonic 

acid (AA) from membrane phospholipids, which is then converted into PGI2 by the 

action of cyclooxygenase (COX) and PGI2 synthase. PGI2 easily diffuses out of the 

endothelium to the VSMCs. PGI2 acts by binding to the IP receptor, a type of cell 

surface receptor that belongs to the GPCR family (GS protein). IP receptors are coupled to 
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adenylyl cyclase (AC) which converts ATP to the cyclic adenosine monophosphate 

(cAMP) and then activates protein kinase A (PKA). PKA reduces [Ca2+]i by inhibiting 

IP3-dependent Ca2+ release and activating the opening of the K+ channels. The efflux of 

K+ causes membrane hyperpolarization, thus inactivate L-type Ca2+ channels which leads 

to the decrease of [Ca2+]i, and finally promotes vasorelaxation (Mitchell & Kirkby, 2019; 

Pluchart et al., 2017), see Figure 19. 

2.2.1.3 Endothelial-derived hyperpolarizing factors (EDHFs) 

It is generally defined as a substance produced by the 

endothelium that causes VSMC hyperpolarization by opening the K+ channels. 

EDHFs includes AA metabolites derived from the COX, epoxyeicosatrienoic acids 

(EETs), lipoxygenases and cytochrome P450 mono-oxygenase pathways, as well as 

H2O2, CO, hydrogen sulfide (H2S) and various peptides, that can be released by the 

endothelial cells (Félétou & Vanhoutte, 2009). These responses involve an increase in 

the [Ca2+]i of the endothelial cells, followed by the opening of the small and 

intermediate conductance Ca2+-activated K+ channels (SKCa and IKCa) on the 

endothelial cells, leading to endothelial cell hyperpolarization. The efflux of K+ from 

the endothelial cells not only evokes electrical coupling through the myoendothelial 

gap junctions but also increases the K+ ions accumulation in the intercellular space, 

called the K+ cloud (Félétou & Vanhoutte, 2006). The K+ cloud can issue signals that 

affect the contribution of K+ ions to EDHF-mediated responses that cause the increase 

in [Ca2+]i, leading to the activation of SKCa and IKCa and resulting in the 

hyperpolarization of the endothelial cells. These factors activate hyperpolarization, K+ 

channels or Na+/K+ ATPase on the VSMCs that contribute to the mechanisms leading 

to their relaxation (Feletou & Vanhoutte, 2006, 2009), see Figure 19. 

 

2.2.2 VSMC-associated mechanisms 

2.2.2.1 The opening of the K+ channels 

The activation of different types of K+ channels on the 

VSMCs, such as 1) the voltage-gated K+ channel (KV), 2) the ATP-sensitive K+ 

channel (KATP), 3) large conductance Ca2+-activated K+ channels (KCa), and 4) 

inward-rectifier potassium channels (Kir), result in the opening of the K+ channels 
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which leads to the efflux of K+ from the VSMCs. These cause hyperpolarization of 

the VSMCs , which leads to a decrease in [Ca2+]i and consequently vasorelaxation 

(Elliott & Ram, 2011). 

2.2.2.2 Ca2+ removal and Ca2+ channel blocker 

Ca2+ removal is one of the vasorelaxation mechanisms by 

decreasing [Ca2+]i. There are several processes by which this is achieved: 1) SERCA 

pumps Ca2+ into the SR, 2) Ca2+ can be pumped into extracellular space by a high-

affinity PMCA and via a high-capacity NCX, and 3) by uptake into the mitochondria 

(Amberg & Navedo, 2013; Liu & Khalil, 2018; Mahn et al., 2010). In addition, Ca2+ 

channel blockers such as nifedipine, amlodipine, felodipine, nicardipine and 

verapamil disrupt the movement of Ca2+ through the Ca2+ channels. A decrease in the 

[Ca2+]i of the VSMCs leads to vasorelaxation.  

2.2.2.3 Cyclic nucleotide phosphodiesterases (PDEs) 

The 3′,5′-cyclic nucleotide PDEs are a class of catalytic 

enzymes that regulate intracellular signaling by breaking down cAMP and cGMP into 

their inactive forms, 5’ AMP and 5’ GMP, respectively. cAMP and cGMP are 

essential intracellular second messengers with widespread roles in cellular signaling. 

These molecules act as regulators in various systems, including vasculature, 

exhibiting vasodilating, antiproliferative, and platelet inhibitory properties. cAMP is 

generated by adenylyl cyclase (AC) upon activation by GPCRs linked to the AC-

stimulating G protein Gs, resulting in the activation of PKA. This activation of cAMP 

then triggers downstream processes by activating PKA and regulating diverse cellular 

functions. On the other hand, cGMP is produced by sGC, stimulated by NO or 

particulate guanylyl cyclases activated by natriuretic peptides (NPs). The generated 

cGMP activates PKG, which subsequently phosphorylates multiple target proteins, 

mediating various physiological responses (Baillie et al., 2019; Manoury et al., 2020), 

Figure 20. 

Currently, PDEs have been classified into 11 families 

(PDE1-PDE11) based on their protein sequence, structure, substrate specificity, 

enzymatic properties, sensitivity to selective inhibitors, and tissue distribution (Baillie 

et al., 2019; Maurice et al., 2014). Some PDE families are classified based on 

substrate specificity. These can be divided into 3 groups: cAMP-specific PDEs (PDE4, 
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7, and 8), cGMP-specific PDEs (PDE5, 6, and 9) and dual-specificity PDEs (PDE1, 2, 3, 

10, and 11), see Figure 20. PDEs are found in all tissues, but their distribution and type 

vary among different tissues, see Table 2. The multiple PDE isoforms within the cells 

show different enzymatic properties and localization patterns that are critical for 

determining specific physiological responses (Keravis & Lugnier, 2011; Rorbach et al., 

2011; Wood et al., 2015). 

 

 

Figure 20 PDEs and their regulation 
 

Source: Made by Usana Chatturong (2023) 

 

The intracellular second messengers, cAMP and cGMP, 

are important for the regulation of intracellular signal transduction and control many 

cellular homeostatic processes. Changes in cAMP or cGMP concentrations lead to the 

activation of many critical physiological processes, including vascular and airway 

SMC relaxation, inhibition of cell proliferation, inhibition of platelet aggregation, 

myocardial contractility, gastrointestinal mobility, reproduction, apoptosis, 

immune/inflammatory responses, visual transduction, secretion, and bone 

development (Kumar et al., 2015; Omori & Kotera, 2007). PDEs represent the main 

route for the rapid lowering of cGMP and/or cAMP concentrations inside the cells, 

which leads to dysregulation of their signaling pathways. This is the cause of the 
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initiating or modulating pathophysiological pathways related to various diseases, 

including erectile dysfunction, pulmonary arterial hypertension, acute refractory 

cardiac failure, intermittent claudication, chronic obstructive pulmonary disease, and 

psoriasis (Bender & Beavo, 2006; Kumar et al., 2015; Omori & Kotera, 2007; 

Poulsen et al., 2012; Rahimi et al., 2010). 

 

Table 2 Cyclic nucleotide PDE isozyme families: properties, tissue distribution 

and reference inhibitors 

Family Specificities Tissue distribution Specific inhibitors 

PDE1 cGMP>cAMP Brain, heart, smooth 

muscle, lung 

Vinpocetine, 

nicardipine, nimodipine 

PDE2 cGMP=cAMP Adrenal gland, lung, 

heart, platelets, brain, 

liver, corpus 

cavernosum, 

endothelial cells 

Erythro-9-(2-hydroxy-

3-nonyl) adenine, 

BAY-60–7750, PDP, 

IC933, oxindole, 

ND7001 

PDE3 cAMP>cGMP Heart, liver, lung, 

platelets, vascular 

smooth muscle, 

platelets, adipocytes, 

immunocytes, corpus 

cavernosum 

Cilostamide, cilostazol, 

milrinone, enoximone, 

amrinone, olprinone, 

Pimobendan, 

anagrelide 

PDE4 cAMP Lung, mast cells, liver, 

kidney, brain heart, 

smooth muscle, 

endothelial cells 

Roflumilast, 

apremilast, crisaborole, 

drotaverine 

PDE5 cGMP Lung, corpus 

cavernosum, vascular, 

platelets, heart, 

endothelial cells, brain 

Sildenafil, tadalafil, 

vardenafil, zaprinast, 

dipyridamole, avanafil, 

udenafil, mirodenafil 
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Family Specificities Tissue distribution Specific inhibitors 

PDE6 cGMP=cAMP Retina Sildenafil, tadalafil, 

vardenafil, 

dipyridamole, zaprinast 

PDE7 cAMP>cGMP Skeletal muscle,  

T-cells, heart, kidney,  

brain, pancreas 

Dipyridamole 

PDE8 cAMP Testes, thyroid, eye, 

liver, kidney, heart, 

ovary, skeletal muscle, 

pancreas, T-cells 

Dipyridamole 

PDE9 cGMP Brain, kidney, liver, 

lung 

Zaprinast, BI 409306, 

PF-04447943 

PDE10 cGMP=cAMP Brain, testes, thyroid Dipyridamole, 

papaverine 

PDE11 cAMP>cGMP Prostate, skeletal 

muscle, kidney, liver, 

heart, testes, pituitary, 

salivary glands  

Tadalafil, zaprinast, 

dipyridamole  

 

Source: Kumar et al. (2015); Miller (2015) 

 

3. Vascular tone of the systemic vasculature and arterial blood pressure  

Smooth muscle cells (SMCs) are present in the walls of all blood vessels 

except capillaries. VSMCs are typically organized in circular or spiral patterns. 

Contraction of VSMCs results in vasoconstriction, while relaxation leads to 

vasodilation. These alterations in the diameter of blood vessels have a substantial 

influence on blood flow and blood pressure. 

Blood pressure refers to the force that blood applies to the walls of blood 

vessels. Arterial blood pressure is a basic hemodynamic, but it is the most important 

physiological parameter and is usually expressed in terms of systolic blood pressure 
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(SBP), diastolic blood pressure (DBP), and mean arterial blood pressure (MAP), 

which are measured in millimeters of mercury (mmHg). The SBP is the maximum 

pressure during ventricular contraction, and the DBP is the minimum pressure during 

the ventricular relaxation between beats. The MAP is estimated using SBP and DBP 

measurements, MAP = DBP+1/3(SBP–DBP). The MAP is also determined by cardiac 

output (CO) and total peripheral resistance (TPR); MAP = CO×TPR. CO is the 

product of heart rate (HR), which is the number of heart beats per minute (bpm), and 

stroke volume (SV), which is the volume of blood pumped from the ventricle per 

beat; CO = HR×SV. TPR is determined by vascular tone, specifically arterioles 

(Berne et al., 2010; Silverthorn, 2004).  

Poiseuille's Law is a fundamental concept in fluid dynamics and is frequently 

used in physiology and medicine to understand blood flow in the circulatory system. 

It helps explain how changes in factors such as vessel diameter, length, and blood 

viscosity can affect the resistance to blood flow in the body's blood vessels, which is 

crucial for regulating blood pressure and overall circulatory function. The equation is 

R = 8ηL/πr4, where R represents the resistance to flow, η is the dynamic viscosity of 

the fluid (blood), L is the length of the tube (blood vessel), r is the radius of the tube, 

and π is the mathematical constant pi (approximately 3.14). In the context of 

Poiseuille's equation, TPR is related to the resistance (R) faced by the blood as it 

flows through the entire network of systemic blood vessels (Secomb, 2016). 

TPR is directly associated with the diameter of the blood vessels, especially 

the resistance arteries (small arteries and arterioles). An increase in the diameter of the 

blood vessels due to vasorelaxation leads to a decrease in TPR, thereby decreasing 

blood pressure. Alternatively, a decrease in the diameter of the blood vessels due to 

vasoconstriction leads to an increase in TPR and ultimately an increase in blood 

pressure (Joyner et al., 2007). These phenomena are linked to the VSMCs which 

maintain a constant state of partial contraction, which is termed vascular tone. The 

contraction of the VSMCs is triggered by the increase in the intracellular Ca2+ 

concentration ([Ca2+]i) causes by either the entry of Ca2+ through Ca2+ channels on the 

plasma membrane or the releases of Ca2+ from the SR which are the major source of 

intracellular Ca2+. Vascular tone is regulated by several factors such as 

neurotransmitters, hormones and paracrine mediators. These factors can be 
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categorized into vasoconstriction mediators, which lead to vasoconstriction and 

vasodilation mediators, which lead to vasorelaxation (Tykocki et al., 2017). 

Many mechanisms are involved in maintaining normal blood pressure, as 

follows: 

1. Short-term regulation is managed by the baroreceptor mechanism, 

which consists of afferent nerve endings located in the carotid sinuses and aortic arch 

walls. These mechanoreceptors detect changes in wall stretching due to pressure 

fluctuations and adjust their firing frequency accordingly. When MAP decreases, 

baroreceptor impulse frequency also decreases, resulting in reduced vagal efferent 

output to the sinoatrial node, leading to an increase in HR (tachycardia). 

Simultaneously, the sympathetic nervous system (SNS) becomes active, releasing 

norepinephrine (NE), which influences the heart and most blood vessels, causing 

enhanced cardiac contractility and narrowing of arteries and veins. NE boosts CO and 

induces rapid vasoconstriction, effectively elevating blood pressure (Gordan et al., 

2015; Joyner et al., 2007). Opposing effects occur when arterial blood pressure rises. 

2. Long-term regulation primarily involves the control of extracellular 

fluid volume through the renin-angiotensin-aldosterone system (RAAS), which plays 

a crucial role in regulating blood pressure and volume. Renin is synthesized in the 

kidneys and is released into the bloodstream in response to low blood pressure. In the 

bloodstream, it acts on angiotensinogen, a protein produced by the liver, to create 

angiotensin I (Ang I). This inactive peptide is then transformed into the active peptide 

angiotensin II (Ang II) in the lungs, thanks to the action of angiotensin-converting 

enzyme (ACE). Ang II, in turn, stimulates Ang II type I (AT1) receptors, leading to 

vasoconstriction (Martyniak & Tomasik, 2022; Paul et al., 2006). The secretion of 

aldosterone by the zona glomerulosa in the adrenal cortex helps decrease the loss of 

fluids and electrolytes through urine. Additionally, it performs other actions that 

contribute to raising blood pressure by incrementally enhancing venous return, end-

diastolic volume, SV, CO and MAP (Lefebvre et al., 2019). 
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4. Systemic hypertension 

Hypertension or high blood pressure is the most common risk factor for 

premature cardiovascular disease and premature mortality worldwide, accounting for 

10.4 million deaths per year (Unger et al., 2020). Hypertension may be primary, 

which may develop as a result of environmental or genetic causes, or secondary, 

which has multiple etiologies, including renal, vascular, and endocrine causes. 

Unhealthy diets (high sodium intake, high saturated and trans fats intake, low 

potassium intake, and low of fruits and vegetables intake), alcohol consumption, 

cigarette smoking, lack of physical activity, and being overweight or obese are 

associated with increased risk of hypertension. The risk is related to the degree of 

SBP or DBP increase at any age and in either sex (Mills et al., 2020). The recently 

2020 International Society of Hypertension (ISH) Global Hypertension Practice 

Guidelines promotes the change in the definition of hypertension. The blood pressure 

in adults (>18-year-old) and older is categorized as normal, high, stage 1 or 2 

hypertension. Normal blood pressure is defined as SBP<130 and DBP<85 mmHg, 

high-normal blood pressure is 130-139 and/or <85-89 mmHg, stage 1 hypertension is 

140-159 and/or 90-99 mmHg, and stage 2 hypertension is ≥160 and/or ≥100 mmHg 

(Unger et al., 2020). 

Hypertension is not caused by a single dysfunction. It is a slow-progressing 

disorder that results from an imbalance of numerous contributing factors. At the 

cellular level, endothelium dysfunction or injury leads to other abnormalities such as 

vasoconstriction, coagulation abnormalities, and imbalance of vasodilation and 

vasoconstriction (Münzel et al., 2008). Changes in the structure of the blood vessels 

lead to vascular remodeling, and increased resistance of the arteries may become 

evident and develop into thrombosis and inflammation at later stages. The progression 

of the disease involves irregular and increased growth of endothelial and VSMCs 

proliferation due to various cytokines and hormonal production (Gallo et al., 2022; 

Münzel et al., 2008).  

4.1 Strategy for hypertension management 

There are two standard treatments for hypertension: lifestyle 

modification and pharmacological treatment (Unger et al., 2020), Figure 21. 
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4.1.1 Lifestyle modification 

 While many patients do not adopt lifestyle modifications, they 

play an important role in blood pressure regulation. Good lifestyle choices may help 

to delay or even avoid the development of high blood pressure and reduce CVD risk. 

Thus, lifestyle modification is the first line of treatment because it can also enhance 

the effects of anti-hypertensive treatments. Lifestyle modifications should include salt 

reduction, healthy diet and drinks, moderation of alcohol consumption, weight 

reduction, smoking cessation, regular physical activity, reduced stress, induce 

mindfulness and reduction in exposure to air pollution and cold temperature (Unger et 

al., 2020; Verdecchia et al., 2022). 

 

 

Figure 21 ISH 2020 optimal recommendations for evidence-based standards of 

hypertension care 

 

Source: Unger et al. (2020) (Permission from Wolters Kluwer Health, Inc.)  
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4.1.2 Pharmacological treatment 

Anti-hypertensive drugs are a class of drugs that are used to 

treat hypertension. Numerous classes of antihypertensive drugs have widely 

benefited in clinical applications. The most recommended classes used as first-line 

treatments for hypertension are thiazide-type diuretics, Ca2+ channel blockers, 

angiotensin-converting enzyme (ACE) inhibitors, Ang II receptor blockers (ARB) 

(Zisaki et al., 2015) and β-blockers. Only the currently important compounds are 

described here. 

Diuretics: Diuretics can be categorized into four subgroups: K+-

sparing diuretics, loop diuretics, thiazide diuretics, and thiazide-like diuretics. 

They are crucial for managing hypertension and are often the first choice for 

hypervolemic hypertension. Diuretics have diverse sites of action within the body, 

which include the proximal tubule, the Loop of Henle, as well as the distal and 

collecting tubules. Their treatment effect initially results in a reduction in plasma 

volume and a decrease in CO (Zisaki et al., 2015). 

Ca2+ channel blockers (CCBs): CCBs are divided into 2 groups, 

(i) the dihydropyridine group such as amlodipine, felodipine and nifedipine (ii) 

non-dihydropyridine groups such as verapamil and benzothiazepine diltiazem. 

These drugs work by decreasing the concentration of free [Ca2+]i, which leads to 

decreased vasoconstriction and also inhibit the secretion of aldosterone, a hormone 

that regulates blood pressure and electrolyte balance (Arnett & Claas, 2009). 

RAAS blockers: RAAS blockers play a pivotal role in the treatment 

of hypertension and are the primary focus of medications like ACE inhibitors and 

ARBs (Unger et al., 2020). ACE inhibitors, including captopril, enalapril, and 

lisinopril, work by inhibiting the conversion of Ang I to Ang II in both the 

bloodstream and tissues, particularly in the blood vessels and kidneys. They also 

prevent the breakdown of bradykinin, which promotes the production of endothelial-

derived relaxing factors, phospholipase A2, and prostaglandins, resulting in 

vasodilation. Clinically, ACE inhibitors reduce peripheral vascular resistance (Arnett 

& Claas, 2009). ARBs like losartan and valsartan function by binding to 

angiotensin II receptors, thereby counteracting the effects of Ang II (Arnett & 

Claas, 2009; Zisaki et al., 2015). 
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Beta-adrenergic blockers (β-blockers): β-blockers such as 

acebutolol, metoprolol, and propranolol, bind to β-adrenergic receptors, thereby 

antagonizing the binding of endogenous agonists (i.e., norepinephrine and 

epinephrine), which lower CO, pulmonary vascular resistance (PVR), and also 

decreases renin release (Arnett & Claas, 2009). These effects lead to a reduction of 

blood pressure. 

According to recent statistics from over 100 countries (Geldsetzer et 

al., 2019), less than 50% of hypertension patients receive anti-hypertensive drugs, 

with only a few countries doing well and many performing poorly. In a large meta-

analysis project, data from 48 clinical trials of anti-hypertensive drugs were followed 

up for an average of 4 years, over which time a 5-mmHg reduction in SBP was 

identified and associated with a 10% reduction in the major CVD risks, including 

stroke, ischemic heart disease, heart failure, and CVD death, regardless of previous 

CVD diagnoses and even at normal or high blood pressure values (Rahimi et al., 

2021).  

 

5. Systemic vs pulmonary circulation 

The cardiovascular system consists of two circulatory paths, systemic 

circulation and pulmonary circulation, as shown in Figure 22. The major function of 

systemic circulation involves the blood supply to all body tissues. The structure of the 

systemic vasculature is well adapted to high blood pressure. The oxygenated blood is 

pumped from the left ventricle into the aorta, which is the largest artery in the body. 

The blood from the aorta flows through the arteries, arterioles, and finally the 

capillaries, which are the sites for gas, nutrient, and metabolic waste exchange with 

the body tissues. Glucose and O2 in the blood diffuse from the blood to the cell, while 

waste and carbon dioxide (CO2) diffuse out of the cell into the blood. The 

deoxygenated blood then moves through the capillaries, which merge into venules, 

then veins, and eventually the vena cava, which drains into the right atrium of the 

heart before pumping into the right ventricle (DeSaix et al., 2013; Ward & Linden, 

2017). 

By contrast, the major function of pulmonary circulation involves respiratory 

gas exchange. The structure of the pulmonary vasculature and pulmonary circulation 
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are highly adapted to fulfil this role. The deoxygenated blood from the right ventricle 

flows through the pulmonary artery into the arterioles until it reaches the smallest 

units, the pulmonary capillaries, which are the site for gas exchange. The walls of the 

pulmonary capillaries share a membrane with the alveoli, thus allowing O2 and CO2 to 

move freely between the respiratory system and the bloodstream. The air at the alveoli 

has high O2 and low CO2 concentrations, while the blood at the pulmonary capillaries 

has low O2 and high CO2 concentrations. The concentration gradient of this condition 

results in gas exchange during respiration, in which O2 moves from the air in the 

alveoli to the blood while CO2 moves from the blood to the air in the alveoli. Then the 

pulmonary vein carries the oxygenated blood from the lungs back to the left atrium 

before returning to the systemic circulation, completing the cycle of circulation 

through the body (Kandathil & Chamarthy, 2018; Truog & Kinsella, 2017).  

 

 

Figure 22 Pulmonary circulation and systemic circulation 

 

Source: Made by Usana Chatturong (2023) 
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5.1 The differences between systemic and pulmonary circulation 

5.1.1 Function: In systemic circulation, the artery carries the 

oxygenated blood from the left ventricle around the body while the veins carry the 

deoxygenated blood from the entire body back to the right atrium. In pulmonary 

circulation, the artery carries the deoxygenated blood from the right ventricle to the 

lungs for gas exchange and then the vein carries the oxygenated blood from the lungs 

back to the left atrium (DeSaix et al., 2013; Truog & Kinsella, 2017).  

5.1.2 Blood pressure: Systemic arteries have a higher pressure 

(90 mmHg) and thicker arterial walls than pulmonary arteries because the systemic 

circulation must work against the high pressure from the left atrium to pump the blood 

around the body. The pulmonary circulation has a thin arterial wall, low pressure 

(10-15 mmHg), low resistance and high distensibility to obtain a high volume of 

blood from the right ventricle which is from the entire body (DeSaix et al., 2013; 

Truog & Kinsella, 2017). In addition, the pulmonary arteries (PAs) exhibit thinner 

walls, less smooth muscle, and absence of basal tone in contrast to the systemic 

circulation. This is most likely due to the high endogenous production of vasodilators 

and the low endogenous production of vasoconstrictors. Consequently, the normal 

pulmonary vascular resistance is approximately one-tenth that of systemic circulation. 

While autoregulation is widely known as a unique feature in most systemic vascular 

beds, this phenomenon is not present in the adult pulmonary circulation (Suresh & 

Shimoda, 2016). 

5.1.3 Role of EDRF: The pulmonary circulation differs from the 

systemic circulation in that it maintains a low resting tone and is largely dilated under 

normal condition (Morrell, 2014). As a result, the combination of vasodilators and 

vasoconstrictors, both circulating and locally produced, influences this resting tone, 

with vasodilators like EDRF having a predominant role (Pirahanchi et al., 2022). 

Contrary to the resistance vessels of the systemic vasculature, EDHF is not involved 

in the ACh-induced vasorelaxation of PA (Norel et al., 2004). The two most important 

EDRF in the pulmonary circulation are NO and PGI2, which are produced locally by 

endothelial cells. Both substances help to relax and widen the blood vessels in the 

lungs, contributing to the low pulmonary vascular tone (Morrell, 2014). Regarding 

NO, Rudinsky et al. (1993) studied the effects of inhibiting NOS on vascular tone in 
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the different circulations in piglets. They found that infusion of a NOS inhibitor 

caused significant vasoconstriction in the systemic (aorta) and pulmonary (PA) 

circulations leading to increased systemic vascular resistance (SVR) and PVR. The 

magnitude of vasoconstriction induced by this inhibitor was similar in the systemic 

and pulmonary circulations. This suggested an equal contribution of NOS to the basal 

tone of systemic and pulmonary circulations. The contribution of PGI2 to the basal 

tone in PA seems of particular importance. Indeed, inhibiting COX decreased ACh-

induced relaxations in isolated human PA, while inhibiting NOS modified only the 

relaxations induced by the highest concentrations of ACh (Norel et al., 2004). 

5.1.4 Role of ET-1: ET-1 was originally identified as a potent 

vasoconstrictive peptide that was involved in the regulation of blood flow and blood 

pressure. It is expressed in aortic endothelial cells (Yanagisawa et al., 1988) and also 

expressed in pulmonary epithelium, SMCs, cardiac myocytes, glomerular renal cells, 

mesangial cells, leukocytes, macrophages and fibroblasts (Santos-Gomes et al., 2022). 

ET-1 has been widely studied as potential risk markers for CVD (Jankowich & 

Choudhary, 2020). The study in an animal model found that rats exposed to hypoxia 

had increased circulating ET-1 and also increased ET-1 mRNA levels in their lungs 

and right atrium, but not in their organs perfused by the systemic vascular bed. This 

study suggested that the pulmonary circulation was the main site of ET-1 production 

(Elton et al., 1992b). Of note, vasoconstriction is mediated by ETA receptors in larger 

elastic PA, but by the ETB receptor subtype in rat pulmonary resistance arteries of rat 

(Veyssier-Belot & Cacoub, 1999). 

5.1.5 Nervous control: The blood circulatory system is regulated 

by local and central mechanisms to maintain arterial blood pressure and distribute CO 

according to metabolic needs. The autonomic nervous system (ANS), including 

parasympathetic nervous system (PSNS) and sympathetic nervous system (SNS), 

controls involuntary functions of the heart and blood vessels through cholinergic 

preganglionic fibers that synapse on postganglionic fibers. In the peripheral 

circulation, the SNS plays a more important role in regulating blood pressure and 

blood flow than the PSNS (Thomas, 2011). Indeed, while the heart is innervated by 

both SNS and PSNS fibers, arteries from the systemic circulation (except coronary 

and cerebral arteries) are not innervated by PSNS (Sheng & Zhu, 2018). On the 
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contrary, PA do have PSNS innervation (Kummer, 2011). However, in contrast to the 

systemic vasculature, the pulmonary circulation seems to have minimal neuronal 

control with respect to basal vascular caliber (Shimoda, 2006). SNS stimulation leads 

to increased PVR mediated by α-adrenoreceptors. Baroreceptors in the PA and the 

initial airway sections trigger the activation of noradrenergic nerve fibers. When 

arterial O2 levels drop, chemoreceptors kick in to boost sympathetic nerve activity, 

ensuring a balance between blood flow and air exchange. Furthermore, vagal 

stimulation leads to parasympathetic activation, causing the PA to relax through 

cholinergic mechanisms (Vaillancourt et al., 2017). However, the PA contains fewer 

parasympathetic than sympathetic nerve fibers (Shimoda, 2006). Despite a low 

physiological role in the control of pulmonary vascular tone (Morrell, 2014), ANS 

dysregulation is involved in the development of PAH, which is associated with 

increased activation of the SNS (Vaillancourt et al., 2017). 

5.1.6 Role of adrenergic receptors: Adrenergic receptors are 

GPCRs found on the surface of cells that respond to the hormone adrenaline and 

related molecules. While α1-adrenergic receptors are found in smooth muscle cells of 

all arteries from the systemic vasculature where they mediate SMC contraction and 

vasoconstriction (Akinaga et al., 2019), in the PA, the α1-adrenergic receptors are 

found only on the small and medium-sized arteries (Salvi, 1999). However, the 

density of α1-adrenergic receptors is lower in PA compared to large systemic arteries 

(Shaul et al., 1990). Their activation by agonists induces a vasoconstrictive response 

which regulates vascular tone and maintains a suitable ventilation/perfusion matching 

in the lungs under normal conditions. However, when these receptors are 

overstimulated by factors such as low O2 levels, changes in vessel wall pressure, or 

increases in the levels of its agonists, this can cause not only SMC contraction but 

also vascular proliferation and remodeling, which leads to the development of PAH 

(Salvi, 1999). For β-adrenergic receptors, three subtypes have been identified through 

molecular cloning, namely β1-, β2-, and β3-adrenergic receptors (Bylund et al., 1994). 

Like vessels from the systemic vasculature, PA arteries expressed mostly β2-

adrenergic receptor (but also β1- adrenergic receptor), which mediate vasorelaxation 

(Barnes & Liu, 1995). The study of Priest et al. (1997) reported that β-adrenergic 

receptors-mediated vasodilation in the large PA was largely NO-dependent whereas it 
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was NO-independent in the small arteries. Although β3-adrenergic receptor is 

expressed in some blood vessels, the role of β3-adrenergic receptor in mediating 

vasodilatation in PA remains controversial (Davel et al., 2015). Recently, a β3-agonist 

produced a significant reduction in pulmonary vascular resistance in an animal model 

of PAH (García-Álvarez et al., 2016). Therefore, the positive effect of β-agonists on 

the one hand, combined with the presence of increased SNS activation in PAH on the 

other hand, raises the question of the positive or deleterious effects of β-blockers in 

PAH. In recent European PH guidelines, β-blockers were not recommended for 

patients with PAH unless required by comorbidities (high blood pressure, coronary 

artery disease, or left heart failure). However, Perros et al. (2015) investigated the 

effects of nebivolol (a third generation of β-adrenergic blocker that acts as an 

antagonist of β1-adrenergic receptors and an agonist of β2,3-adrenergic receptors) on a 

rat model of PAH. They found that nebivolol altered the hyperproliferative phenotype 

and reduced the overexpression of growth and proinflammatory mediators. Nebivolol 

induced endothelium-dependent on PA and improved right heart function and 

pulmonary vascular remodeling. 

5.1.7 The mechanism of compensation in hypoxia: In case of 

hypoventilation, also known as alveolar hypoxia (the condition of low O2 

concentration levels in alveolar), this could induce vasoconstriction of the pulmonary 

vasculature, which is a phenomenon called hypoxic pulmonary vasoconstriction 

(HPV). The compensatory vasoconstriction response induced by alveolar hypoxia is 

to redirect pulmonary blood flow from poorly ventilated lung areas to well-ventilated 

lung areas to improve gas exchange. As a result, HPV is an important mechanism for 

maintaining normal blood oxygen levels before it flows back into the left atrium and 

circulates to the systemic circulation. In contrast, the response to tissue hypoxia in the 

systemic circulation system is vasorelaxation to expand the blood flow to the tissue 

and allow greater perfusion (DeSaix et al., 2013; Waypa & Schumacker, 2010). 

Therefore, understanding these research findings may help 

researchers develop new treatments to block their activity and potentially find a cure 

for pulmonary arterial hypertension. 
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6. Pulmonary arterial hypertension (PAH) 

PAH is a pathological state of pulmonary circulation that develops as a result 

of constriction or remodeling of the pulmonary vasculature. The combination of 

endothelial dysfunction, increased contractility of PA, the proliferation and 

remodeling of endothelium and VSMCs, leads to progressive narrowing of the lumen 

of the blood vessels. This results in a progressive resistance to blood flow manifested 

as an increase in both pulmonary vascular resistance (PVR) and mean pulmonary 

arterial pressure (mPAP). The increase in mPAP is greater than 20 mmHg at rest or 

greater than 30 mmHg during exercise, along with pulmonary capillary wedge 

pressure (PCWP) less than 15 mmHg. Pulmonary vascular remodeling and elevation 

of PVR are greater than 3 wood units when clinically presented in PAH. In the later 

stages, complex arterial lesions lead to right ventricular heart failure preceding death 

(Humbert et al., 2022). 

 

6.1 Clinical classification of PAH 

The World Health Organization (WHO) defined the classifications of 

pulmonary hypertension (PH) based on the original cause, histology, and 

pathophysiology of the disease. The 6th World Symposium on PH (WSPH) held in 

2018 in Nice, France, classified PH into 5 groups, as shown in Table 3 (Galiè et al., 

2019; Simonneau et al., 2019; Sysol & Machado, 2018). PAH includes idiopathic 

PAH (the cause of the pulmonary artery hypertension is unknown), heritable PAH, 

drug and toxin-induced PAH and familial PAH, PAH long-term responders to calcium 

channel blockers, PAH with overt features of venous or capillaries, as well as PAH 

associated with other medical conditions such as connective tissue disease, HIV 

infection, portal hypertension (liver disease), congenital heart disease or 

schistosomiasis (Firth et al., 2010; Lai et al., 2014; Vallerie V McLaughlin et al., 

2015). The incidence of PAH is rare, but it can occur at any age, and approximately 

60-70% of all PAH patients are female (Memon & Park, 2017; Thenappan et al., 

2012). Idiopathic PAH, one of the 5 categories, is the most common form of the 

disease, affecting 40-50% of PH patients (Houtchens et al., 2011a). The estimated 

incidence of idiopathic PAH is around 15 cases per million of the population 

(Peacock et al., 2007).  
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Table 3 Current classification of PH and PAH.  

1 PAH 

 

1.1 Idiopathic PAH 

1.2 Heritable PAH 

1.3 Drug- and toxin-induced PAH 

1.4 PAH associated with: 

1.4.1 Connective tissue disease 

1.4.2 HIV infection 

1.4.3 Portal hypertension 

1.4.4 Congenital heart disease 

1.4.5 Schistosomiasis 

1.5 PAH long-term responders to calcium channel blockers 

1.6 PAH with overt features of venous/capillaries  

1.7 Persistent PH of the newborn syndrome 

2 PH due to left heart disease 

 

2.1 PH due to heart failure with preserved left ventricular ejection fraction 

2.2 PH due to heart failure with reduced left ventricular ejection fraction 

2.3 Valvular heart disease 

2.4 Congenital/acquired cardiovascular conditions leading 

3 PH due to lung diseases and/or hypoxia 

 

3.1 Obstructive lung disease 

3.2 Restrictive lung disease 

3.3 Other lung diseases with mixed restrictive/obstructive pattern 

3.4 Hypoxia without lung disease 

3.5 Developmental lung disorders 

4 PH due to pulmonary artery obstructions 

 
4.1 Chronic thromboembolic PH 

4.2 Other pulmonary artery obstructions 

5 PH with unclear and/or multifactorial mechanisms 

 5.1 Haematological disorders 
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5.2 Systemic and metabolic disorders 

5.3 Others 

5.4 Complex congenital heart disease 

 

Source: Simonneau et al. (2019). (This article is open access and distributed under 

the terms of the Creative Commons Attribution Non-Commercial Licence 

4.0.) 

 

6.2 Diagnosis of PAH 

A variety of clinical assessment tools have been used for diagnosis of 

PAH. These require the following progressive steps i.e., a thorough history and 

physical examination, echocardiogram, right catheterization and vasoreactivity 

testing. Signs and symptoms needed following up in PAH patients include chest pain, 

angina, dyspnea, syncope, non-productive cough, fatigue, increased shortness of 

breath, heart palpitations, dizziness and fainting spell, lips and fingers turning blues, 

peripheral edema or other signs of right ventricular dysfunction. These symptoms are 

non-specific of the disease; so that many patients remain undiagnosed up to 2 years, 

lead to delayed diagnosis and directly correlated with high mortality (Gidwani & 

Nair, 2014; McLaughlin & McGoon, 2006; Vallerie V. McLaughlin et al., 2015; 

Vaidya & Gupta, 2015). 

 

6.3 Clinical presentation of PAH 

Identifying PAH in its early stages can be tricky due to mild and non-

specific symptoms. However, early diagnosis is crucial to begin treatment before right 

heart failure occurs. Accordingly, a patient presenting even with early stages is 

classified as belonging to World Health Organization functional class (WHO FC) 

(Houtchens et al., 2011b). 

WHO FC I: Patients with PAH that cause no limitations on physical 

activities. Routine physical activity does not cause increased dyspnea, chest pain, 

fatigue, or presyncope. 
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WHO FC II: Patients with PAH that cause mild limitations on physical 

activities. Patients are comfortable at rest but routine physical activity results in 

increased dyspnea, chest pain, fatigue, or syncope. 

WHO FC III: Patients with PAH that have marked limitations on 

physical activities. Patients are comfortable at rest, but less than routine physical 

activity results in dyspnea, chest pain, fatigue, or palpitations. 

WHO FC IV: Patient with PAH that results in the inability to perform 

any physical activity without symptoms. These patients may have signs of right heart 

failure. Dyspnea with or without fatigue may be present at rest, and symptoms are 

increased by any physical activity. 

 

6.4 Pathophysiology of PAH 

The pathogenesis of PAH is complex, but usually primarily affects small 

PAs. PAH is a slowly progressive disorder, which is provoked by an imbalance of 

multiple responsible factors. It has been evidenced that PAH may occur due to various 

genetic, environmental or acquired reasons rendering it a complicated vascular 

disorder (Morrell et al., 2009).  

6.4.1 Endothelial dysfunction 

At the cellular level, endothelial dysfunction or injury leads to 

other abnormalities such as coagulation abnormalities, increased contractility of small 

PAs, and proliferation and remodeling of the endothelium and VSMCs. The primary 

cause of the development of PAH is an imbalance of vasodilators, such as NO, PGI2 

and vasoconstrictors such as endothelin-1 (ET-1) and thromboxane A2 (TXA2) (Lang 

& Gaine, 2015). This condition precedes the development of cellular proliferation and 

subsequently leads to pathological changes in pulmonary arterial VSMCs, resulting in 

the progressive narrowing or obstruction of the blood vessels as well as increasing 

PVR and mPAP in the PA (Humbert, 2010; Lourenço et al., 2012; Morrell et al., 

2009; Santos-Ribeiro et al., 2016). 
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Figure 23 Pathophysiology of PAH 

 

Source: Made by Usana Chatturong (2023) 

 

The changes in the structure of the PAs lead to increased 

resistance, and increased mPAP and may subsequently lead to the development of 

thrombosis and inflammation at later stages, see Figure 23. The progression of the 

disease involves irregular and increased growth of the endothelium and proliferation 

of the VSMCs due to various hormonal and inflammatory cytokines production 

(Lourenço et al., 2012; Siques et al., 2018). Specifically, inflammatory cytokines such 

as IL-1β or transforming growth factor (TNF) have been shown to induce endothelial 

dysfunction in PA (Liu et al., 2022). PAH is also influenced by numerous genetic risk 

factors, with mutations in the Bone Morphogenetic Protein Receptor Type 2 

(BMPR2) gene being the most prevalent. BMPR2 is a receptor involved in the BMP 

signaling pathway, which plays a crucial role in regulating cell growth and 

proliferation in the PAs. Mutations in BMPR2 disrupt this pathway, leading to 

abnormal cellular responses and remodeling of the pulmonary vasculature. 

Additionally, BMPR2 downregulation, especially in response to the inflammatory 

factor TNF, can promote endothelial cell essentialization, potentially contributing to 

the development of pulmonary vascular calcification (Devendran et al., 2022; Liu et 

al., 2022). In addition, various stimuli can contribute to the pathogenesis of PAH, 
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including shear stress from increased pulmonary blood flow, pulsatile stretch, 

pulmonary ischemia, alveolar hypoxia, cytokines, growth factors, adhesion molecules, 

and thrombin. These stimuli can lead to endothelial injury, circulating endothelial 

cells, and endothelial dysfunction (Budhiraja et al., 2004). Consequently, endothelial 

dysfunction plays a critical role in initiating and developing vascular pathology in 

PAH by promoting the release of more vasoconstrictors to PASMCs than 

vasodilators, leading to an imbalance in pulmonary vascular tone (Chemla et al., 

2015). The main signaling pathways that involve the pathogenesis of PAH are NO, 

PGI2 and ET-1 pathways, where the major source of their mediators are the 

endothelial cells (Lang & Gaine, 2015). ET-1 is not only a powerful vasoconstrictor, 

but it also promotes vascular proliferation that is involved in vascular remodeling. 

The ET-1 receptors (endothelin receptor type A (ETA) and type B (ETB)) are located 

on both the endothelium and the VSMCs. When ET-1 binds to ETB receptors on the 

endothelial cells this leads to the production of NO and PGI2, which induces 

vasorelaxation. However, binding of ET-1 to the ETA and ETB receptors on the 

VSMC leads to vasoconstriction and proliferation (Shao et al., 2011). Studies using 

animal models found that exposure to hypoxia caused increased levels of ET-1 

mRNA in rat lungs (Elton et al., 1992a) and an upregulation of ETA and ETB receptor 

mRNA in the tunica media of the pulmonary vasculature (Soma et al., 1999). Similar 

to pre-clinical study, all patients with PH have increased plasma ET-1 levels and the 

expression of ET-1 in the pulmonary vasculature (Stewart DJ et al., 1991). Therefore, 

ET-1 has been linked to increased vascular tone and vascular remodeling in PAH. 

 

6.4.2 Role of PDE5 in PAH 

PDE5 is a well-studied PDE that was first discovered by Francis 

and Corbin in 1980. PDE5 is more abundant in the lung and penile corpus 

cavernosum than other PDEs (Francis et al., 1980; Gopal et al., 2001). PDE5 is a 

homodimer composed of two identical subunits, including regulatory and catalytic 

domains (Figure 24). The regulatory domain comprises two allosteric (GAF-A and 

GAF-B) cGMP-binding sites and a phosphorylation site. The binding of cGMP to 

both allosteric sites cause a conformational change in the enzyme, resulting in the 

exposure of N-terminal PKG phosphorylation sites. The catalytic domain is the 
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specific target of PDE5 inhibitors (Ahmed et al., 2021; Jiann, 2016). PDE5 is 

identified as 3 isoforms; PDE5 A1, A2, and A3, which are present in virtually all cell 

types, tissues, and organs. They differ only in the 5'-end of the mRNA, but their 

cGMP-catalytic activities are similar (Corinaldesi et al., 2015; Guazzi, 2008).  

PDE5 is widely expressed in human tissues, but it is particularly 

abundant in the lung and pulmonary VSMC (Cesarini et al., 2020). PDE5 selectively 

targets cGMP, which is generally produced by NO-mediated activation of the sGC. It 

selectively hydrolyses cGMP into 5′GMP, thus a high level of PDE5 can cause a 

reduction in cGMP which leads to VSMCs contraction (Keravis & Lugnier, 2012). 

Long-term conditions with low cGMP levels in the VSMC lead to decreased activity 

of PKG, which causes an increase in [Ca2+]i in the VSMC, resulting in VSMC 

contraction and ultimately leading to diseases such as ED and PAH (Corinaldesi et al., 

2016; Hatzimouratidis et al., 2016; Lai et al., 2014). In experimental models of PAH, 

the PDE5 enzyme is shown to be abundantly expressed in the lungs of humans, 

rodents, and canines (Hemnes & Champion, 2006) which indicates an excessive 

degree of degradation of cGMP in the pathology of PAH. 

 

 

Figure 24 PDE5 structure 

 

Source: Made by Usana Chatturong (2023) 
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6.4.3 Remodeling 

Pulmonary vascular remodeling represents a key step in the 

progression of PAH that involves changes in all layers of the small PA wall, which 

pathologically increases PVR (Tuder, 2017). Since the VSMCs control the blood 

pressure of the pulmonary circulation through vasodilation and vasoconstriction, 

therefore, the dysfunction of the endothelial cells leads to decreased vasodilator 

production (NO and PGI2) and increased vasoconstrictor production (ET-1), resulting 

in increased and sustained vasoconstriction via VSMC contraction as a result mPAP 

increases (Lang & Gaine, 2015). In addition, increased expression of PDE5 in 

VSMCs under PAH also causes an excessive degree of degradation of cGMP. 

Overproduction of PDE5 could mediate hypoxic pulmonary vasoconstriction 

(Hemnes & Champion, 2006). Chronic hypoxic exposure is the cause of changes in 

the structure of PA, as well as in the biochemical and functional phenotypes of each 

cell type that comprises the artery (Satoh et al., 2010). Hypoxia influences the release 

of vasoconstrictors, growth factors, and adhesion molecules in endothelial cells and 

also promotes growth factors in VSMCs that relate to ROS and proinflammatory 

cytokines production. These events lead to VSMC inflammation, proliferation, 

migration, and remodeling (Stenmark et al., 2006). PAH, therefore, affects all three 

layers of the PA wall, and typical arterial lesions include intima formation and 

fibrosis, medial hyperplasia of the pulmonary VSMC, and adventitial fibrosis. These 

lesions are accompanied by a variable level of perivascular inflammation, resulting in 

the progressive narrowing or obstruction of the blood vessels as well as increasing 

PVR and mPAP (Stenmark et al., 2006; Tuder, 2017). As a result of these symptoms, 

the RV must work hard to pump blood to the PA, which has high blood pressure (>25 

mmHg), leading to RV hypertrophy and finally to RV failure and death (Simon & 

Pinsky, 2011). 

 

6.5 Treatment options for PAH 

Treatment for PAH depends on an accurate diagnosis where all other 

causes have been ruled out (Figure 25). Appropriate diagnosis and assessment allow 

suitable therapeutic management for each particular category. Proper management 

may lead to an increase in the survival rate of PAH patients from 2 years to 4 years. 
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Even though there exists incomplete awareness regarding the pathogenesis of PAH, 

the focused medical treatments may prove beneficial towards the reversal of 

pulmonary remodeling (Fuso et al., 2011).  

 

 

Figure 25 Therapeutic approach for PAH 

 

Source: Malenfant et al. (2013) (Permission from Taylor & Francis) 
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The therapeutics for PAH are divided into 2 groups; supportive therapy 

and specific therapy, as described below. 

6.5.1 Supportive therapies 

Supportive therapies should be considered for all PAH 

patients, including oxygen supplementation, anticoagulants (warfarin), anti-

proliferative agents, vasodilators, diuretics, digoxin, etc. (Grünig et al., 2018; Maron 

et al., 2021). Each therapy is responsible for the provision of symptomatic treatment.  

6.5.1.1 Oxygen supplements: Restoring oxygen levels is 

fundamental importance in all patients with arterial hypoxemia, and it should be 

considered for all patients with PAH plus hypoxemia at rest or during exercise. The 

use of long-term oxygen supply is not yet known, however, the use of low-flow 

oxygen supply contributing to an improvement in patient condition (hypoxia) has 

been reported (Fuso et al., 2011).  

6.5.1.2 Anti-coagulants: Anticoagulant drugs have been 

accepted for oral administration for patients with PAH who have a high prevalence of 

intrapulmonary thrombosis and thromboembolism (Galiè et al., 2010). 

6.5.1.3 Inotropic drugs: These drugs are given to improve 

cardiac output in the failing right ventricle in PAH patients. The use of ionotropic 

agents (digoxin) requires close monitoring and is specifically meant for the treatment 

of supraventricular tachycardias. It is also utilized in heart failure conditions for 

cardiac output improvement (Rich et al., 1998). 

6.5.1.4 Diuretics: Drugs used to treat fluid retention from 

decompensated right heart failure and raised central venous pressure (Maron et al., 

2021). 

6.5.1.5 Calcium channel blockers (CCBs): Based on positive 

acute vasoreactivity tests, CCBs have shown effectiveness in reducing PVR (Galiè et 

al., 2004). Unfortunately, not all patients are responsive to CCBs, with less than 8% 

of PAH patients showing a positive response to CCBs, which have no effect on 

cardiac output with a 10 mmHg decrease in PAP (Humbert et al., 2004). 
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6.5.2 Specific therapies  

Specific therapies include those targeting the pathobiological 

abnormalities of PAH, and are divided into PGI2 agonists (or prostanoid agonists), 

endothelin-1 receptor antagonists (ERAs), sGC stimulators and PDE5 inhibitors 

(PDE5i) or a combination depending upon the responsiveness and patient condition 

(Fuso et al., 2011; Tettey et al., 2021), Figure 26.  

6.5.2.1 PGI2 agonists: PAH is assessed to have dysregulation 

in the metabolic pathways of PGI2 (Galiè et al., 2004). Therapeutic treatment with 

PGI2 analogs shows both cytoprotection and anti-proliferative effects, and anti-

inflammatory and endothelial regenerating properties (Clapp & Gurung, 2015). PGI2 

analogs used in the treatment of PAH include epoprostenol, treprostinil and selexipag 

(Figure 26). The different PGI2 analogs are administered in various ways, with 

variable degrees of efficacy. Epoprostenol is the only medicine that has been proven 

to improve mortality and is the treatment of choice in severe situations (Tettey et al., 

2021). Stable salt of prostacyclin analogue; epoprostenol via continuous intravenous 

administration, has been efficacious due to its vasodilation and platelet aggregation 

inhibitory effects (Rubin et al., 1990). In randomized clinical trials, epoprostenol 

proved to improve the symptoms but also increased the patients’ exercise capacity 

(Barst et al., 1996). Notwithstanding these benefits, it is not an ideal treatment option 

due to high cost, complicated intravenous use, and common dose-related side effects 

(Table 4) such as abdominal pain, anxiety, arrhythmias, arthralgia, chest discomfort, 

nausea, and diarrhea (Tettey et al., 2021).  

6.5.2.2 Endothelin-1 receptor antagonists (ERAs): ERAs 

have been investigated for their role in PAH. Increased levels of ET-1 are evident in 

PAH-stimulated VSMC proliferation and direct vasoconstriction effects (Rubin et al., 

2002). ERAs used in the treatment of PAH include bosentan, ambrisentan, macitentan 

and sitaxsentan (Figure 26) and their use has demonstrated for this purpose. However, 

along with its positive outcomes such as enhanced durability and improved exercise 

capacity, it is associated with increased liver aminotransferases levels in 

approximately 10% of subjects (Barst et al., 2003). Therefore, liver function tests are 

required on regular basis during the use of ERAs. Bosentan; an orally active ERA, 

acts via both ETA and ETB, which prevent ET-1 from binding to its receptors (Tettey 
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et al., 2021). Sitaxsentan and ambrisentan are selective ETA receptor blockers that 

have demonstrated their effectiveness in the improvement of symptoms, recovered 

hemodynamics and enhanced exercise capacity. However, there is the possibility of 

negative drug interactions with ERAs (Galiè et al., 2010) and common dose-related 

side effects (Table 4) such as anemia, diarrhea, flushing, gastroesophageal reflux 

disease, headache, and nasal congestion (Tettey et al., 2021). 

6.5.2.3 sGC stimulator: sGC stimulators directly activate sGC 

in VSMC to enhance cGMP production. Riociguat is the only approved sGC 

stimulator for the treatment of PAH (Figure 26). It is a powerful sGC stimulator and 

increases blood flow in PA by inducing VSMC relaxation (Mihalek et al., 2022). In 

PAH patients completing 24 weeks of treatment, riociguat reduced mPAP by 9 mmHg 

and also increased the 6-min walking distance by 31 m as compared to placebo 

(Hoeper et al., 2017). However, because riociguat possesses a very short half-life, it 

must be administered three times a day at a dose of 2.5 mg (Mihalek et al., 2022). It 

also has side effects (Table 4) such as anaemia, constipation, diarrhoea, dizziness, 

dysphagia, gastroenteritis, gastrointestinal discomfort (Tettey et al., 2021).(Ausó et 

al., 2021; Humbert et al., 2004; Malenfant et al., 2013; Tettey et al., 2021) 

 

 

Figure 26 Targets for existing therapies in PAH 

 

Source: Made by Usana Chatturong (2023)  
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6.5.2.4 PDE5i: In experimental models of PAH, the PDE5 

enzyme is shown to be abundantly expressed in the lungs of humans, rodents, and 

canines (Hemnes & Champion, 2006) which indicates an excessive degree of 

degradation of cGMP in the pathology of PAH, whereas PDE5i increases cGMP 

levels in response to stimuli that activate sGC by blocking the catalytic activity of 

PDE5, see Figure 26. The mechanism of action of PDE5i is to control the hydrolysis 

of cGMP, which mediates the mediator NO and natriuretic peptide activity. Hence, 

increased levels of cGMP due to the inhibition of the PDE5 metabolism, produce 

pulmonary vasodilation and also have anti-proliferative effects (Francis et al., 2008; 

Ghofrani et al., 2006). PDE5i, such as sildenafil, tadalafil and vardenafil, are powerful 

vasoactive drugs. The use of PDE5i is not only restricted for penile erection but is 

also used in pulmonary hypoxia and primary arterial hypertension (Andersson, 2018; 

Cruz-Burgos et al., 2021; Gautam V Ramani & Myung H Park, 2010; Zirak et al., 

2021). Sildenafil (Revatio® or Viagra®) was the first drug in this class. It was 

approved for ED treatment in 1998 and approved for PAH in 2005 (Gautam V. 

Ramani & Myung H. Park, 2010). More recently, the Food and Drug Administration 

(FDA) approved other PDE5i, tadalafil (Cialis®) and vardenafil (Levitra®) for PAH 

treatment. The highlight of sildenafil is that it is highly selective for the cGMP 

hydrolyzing isoform PDE (Hemnes & Champion, 2006). Sildenafil, when 

administered via intravenous route during right heart catheterization, showed a dose 

dependent decrease in PVR (Wilkens et al., 2001). However, there still exists a gap 

for improvement since the observed side effects (vision loss, tachycardia, etc.) are 

relevant to non-specificity and non-selectivity (Guazzi, 2008). It was found that 

together with PDE5, sildenafil can show cross reactivity towards other isoforms of the 

PDE enzyme, especially PDE6 and PDE1 (Wallis, 1999). Sildenafil  has an IC50 of 

PDE5 inhibitory activity at a concentration of 3.5 nM, followed by IC50 values of 34-

38 nM for PDE6 (Raja et al., 2006). Side effects due to the inhibition of PDE6 usually 

results in blurred vision or vision impairment due to its association with the control of 

the rods and cones in the eye (Ausó et al., 2021). Dose-dependent adverse effects of 

sildenafil including visual disturbances, headache, nausea, flushing, dyspepsia, 

diarrhea, back pain, limb pain, insomnia, influenza, nasal congestion, shortness of 

breath, facial edema, and systemic hypotension, have also been reported (Bhatia et al., 
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2003; Galiè et al., 2005). In addition, there are few studies on the hepatotoxicity 

associated with sildenafil consumption (Graziano et al., 2017). As previously 

described, sildenafil is extensively and rapidly metabolized in the liver via the 

cytochrome P450 (CYP) pathway, primarily by CYP3A4 and to a lesser extent by 

CYP2C9 (Ku et al., 2008). As suggested in Sheweita et al. (2016), sildenafil was 

thought to be a weak CYP inhibitor. After male rats were administered orally with 

either low or high doses of sildenafil (1.43 and 7.15 mg/kg BW) for 3 weeks, 

sildenafil decreased the activity and protein expression of cytochrome c reductase as 

well as weakly inhibited the protein expression of various CYP isozymes, including 

CYP1A2, 2B1, 2C9, 2E1, and 3A4 (Sheweita et al., 2016). The high cost and other 

side effects of sildenafil encourage the identification of new PDE5i to improve the 

management of PAH. Therefore, to reduce side effects, a good selectivity for PDE5 

associated with a greater vasorelaxant effect on pulmonary arteries compared to the 

effect on the systemic vasculature is required. In addition, low interaction with CYP 

would also be preferrable so that the new PDE5i is safe and produced less drug 

interaction. 

 

Table 4 Classification of drugs used in treating PAH. 

Generic name Routes Side-effects 

Prostacyclin analogs 

Epoprostenol Continuous 

infusion 

Abdominal pain, anxiety, arrhythmias, 

arthralgia, chest discomfort, diarrhea 

Treprostinil Continuous 

intravenous or 

subcutaneous, 

oral, inhalation  

Infusion site reaction, pain, headache, 

nausea, diarrhea, vasodilation, jaw 

pain, rash 

Iloprost  Inhalation Chest discomfort, cough, diarrhea, 

dizziness, dyspnea, hemorrhage, 

headache, hypotension, nausea 
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Generic name Routes Side-effects 

Prostacyclin IP receptor agonist 

Selexipag Oral Abdominal pain, anemia, appetite 

decreased, arthralgia, diarrhea, 

flushing, headache 

ERAs 

Bosentan  

 

Oral Anemia, diarrhea, flushing, 

gastroesophageal reflux disease, 

headache, nasal congestion, 

palpitations 

Ambrisentan  Oral Abdominal pain, anemia, asthenia, 

constipation, dizziness, epistaxis, 

flushing, headaches, hearing 

impairment 

Macitentan  Oral Anaemia, headache, increased risk of 

infection, nasal congestion 

PDE5i  

Sildenafil  Oral, intravenous Dry mouth, flushing, gastrointestinal 

discomfort, hemorrhage, myalgia, 

headache 

Tadalafil  Oral Flushing, gastrointestinal discomfort, 

headaches, myalgia, nasal congestion, 

pain 

sGC stimulator 

Riociguat  

 

Oral Anaemia, constipation, diarrhoea, 

dizziness, dysphagia, gastroenteritis, 

gastrointestinal discomfort 

 

Source: Ausó et al., 2021; Humbert et al. (2004); Malenfant et al. (2013);  

Tettey et al. (2021)



 
 

 

CHAPTER III 

 

RESEARCH METHODOLOGY 

 

Preparation of quinazoline derivatives  

Six quinazoline derivatives (N2,N4-diphenylquinazoline-2,4-diamines) 

including compounds 4, 5, 8, 9, 10 and 11 were synthesized and provided by 

Associate Professor Dr. Matthew Paul Gleeson, Faculty of Engineering, King 

Mongkut's Institute of Technology Ladkrabang, Bangkok, Thailand. All compounds 

were purified to >95%, as reported elsewhere (Pobsuk et al., 2019). The synthesized 

quinazoline derivatives having various substitutions R1 and R2 (Figure 27) have been 

shown along with the molecular weights in Table 5. 

 

 

Figure 27 Basic quinazoline nucleus 

 

Source: Made by Usana Chatturong (2023) 

 

Table 5 The name, structure, and molecular weight (MW) of quinazoline 

derivatives 

ID Code Chemical name MW Structure 

4 PG135 4-{[4-(benzylamino) 

quinazolin-2-

yl]amino}benzene-1-

sulfonamide 

405.5 

 

N

N

NH

NH

S
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O

NH2
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ID Code Chemical name MW Structure 

5 PG170 3-{[4-(benzylamino) 

quinazolin-2-

yl]amino} benzene-

1-sulfonamide 

405.5 

 

8 PG033 N2-methyl-N4-

[(thiophen-2-

yl)methyl]quinazolin

e-2,4-diamine 

417.5 

 

9 PG084 4-[(4-{[(thiophen-2-

yl)methyl]amino}qui

nazolin-2-

yl)amino]benzene-1-

sulfonamide 

411.5 

 

10 PG035 4-[(4-{[(thiophen-2-

yl)methyl]amino}qui

nazolin-2-

yl)amino]benzamide 

375.5 

 

11 PG023 3-[(4-{[(thiophen-2-

yl)methyl]amino}qui

nazolin-2-

yl)amino]benzene-1-

sulfonamide 

411.5 

 

 

Source: Made by Usana Chatturong (2023) 
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Animals 

 Male Wistar rats (200–250 g, 8 weeks old) were purchased from Nomura 

Siam International Co., Ltd. (Bangkok, Thailand) for vascular reactivity experiments 

in the pulmonary artery (PA) and aorta, and from Janvier (Le Genest Saint Isle, 

France) for vascular reactivity experiments in the mesenteric artery (MA), acute 

hypotensive effect, hepatotoxicity and CYP activities. Animals were kept under a 12-

12 h light-dark cycle, at 22±1°C and allowed free access to standard food and water. 

Experimental protocols were approved by the local committees for ethics in animal 

experimentation of Naresuan University Animal Care and Use Committee 

(NUACUC), Naresuan University, Phitsanulok, Thailand (Animal Ethics Approval 

Number: NU-AE620304 and NU-AE640202) and Franche-Comté University, 

Besançon, France (No. 2019-003-PT-5PR). 

 

Human PDE5 inhibitory activity 

Human PDE5 enzyme preparation and inhibition assay were modified from 

Bhandari et al., 2019 (Bhandari et al., 2019). PDE5 enzyme was extracted from 

human embryonic kidney 293 (HEK293) cells transfected with human PDE5A1 

plasmids. These transfected cells were lysed by sonication in 1 mL Tris buffer 

(containing: 50 mM Tris hydrochloride (Tris-HCl) pH 7.5, 2 mM 

ethylenediaminetetraacetic acid (EDTA), 1 mM dithiothreitol (DTT), and 1:100 of 

100 mM phenylmethylsulfonyl fluoride (PMSF)). The homogenate was then 

centrifuged at 14,000 rpm for 20 min at 4°C and the supernatant was collected as a 

source of PDE5 enzyme. 

All tested compounds (quinazoline derivatives and sildenafil, 10-12 - 10-4 M) 

were dissolved in 100% DMSO and diluted serially with distilled water to obtain final 

test concentrations, which 1% DMSO was used as the negative control. 

 



67 

 

 

 

 

Figure 28 PDE5 radioassay method 

 

Source: Made by Usana Chatturong (2023) 

 

To measure the human PDE5 inhibition assay, in the first step the reaction 

mixture comprised 25 µL of Buffer C (containing:100 mM Tris-HCl pH 7.5, 100 mM 

imidazole, 15 mM MgCl2 and 1 mg/mL bovine serum albumin (BSA)), 25 µL of 10 

mM ethylene glycol-bis (β-aminoethyl ether)-N,N,N′,N′-tetra acetic acid (EGTA), 25 

µL of PDE5 solution, and 25 µL of the test sample (quinazoline derivatives), positive 

control (sildenafil), or only solvent (1% DMSO) as a blank. The reaction was started 

by adding 25 µL of 5 µM [3H] cGMP and incubated at 30°C for 10 min. Then, the 

reaction was terminated by placing the sample tubes in hot boiling water (100°C) for 

1 min and then immediately placing them in ice-cold water for 5 min, as shown in 

Figure 28.  

The second step was initiated by adding 25 µL of 2.5 mg/mL snake venom 

(5ʹ-nucleotidase) and incubating at 30°C for 5 min. The assay was diluted with 250 

μL 20 mM Tris-HCl (low salt buffer, pH 6.8) and transferred to a diethylaminoethyl 

sephadex (DEAE-Sephadex) anion-ion exchange resin column, the reaction mixture 

sample was passed through the resin column. Uncharged [3H] guanosine was eluted 

from the resin with 1 mL of low salt buffer twice, and the eluates were collected in a 

scintillation vial. Finally, 4 mL Ultima Gold (scintillating cocktail) was added to the 

vial and mixed completely, and then the radioactivity was measured using the β-
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counter (Tri‐Crab ® 2910 TR, Perkin Elmer). The higher count of uncharged 

guanosine represented lower PDE5 inhibitory activity and vice versa. The PDE5 

activity in the study was standardized to possess hydrolysis activity around 20-30% of 

the total substrate count. The calculation of hydrolysis of the sample and control is 

shown in equations (1) and (2), and the PDE5 inhibitory activity is calculated from 

equation (3).  

 

   % Hydrolysissample =   [
(CPMsample − CPMbackground)

(CPMtotal count − CPMbackground)
] × 100                       (1) 

 

   % Hydrolysiscontrol =   [
(CPMcontrol − CPMbackground)

(CPMtotal count − CPMbackground)
] × 100                       (2) 

 

   % PDE5 inhibition =    [
(% Hydrolysissample)

(% Hydrolysiscontrol)
] × 100                                            (3) 

 

Where CPMsample is the radioactive count rate of the assay with the PDE5 

enzyme, CPMblank is the same but without the PDE5 enzyme, CPMtotal count is the count 

rate of 25 µL of substrate plus 2 mL of low salt buffer, and CPMcontrol is the 

radioactive count rate of the assay with the PDE5 enzyme but without any sample. All 

experiments were performed in triplicate.  

 

Vascular reactivity study 

Preparation of isolated intrapulmonary artery (PA) and thoracic aorta  

Rats were anesthetized with sodium thiopental (60 mg/kg, i.p.) and the 

thoracic aorta and the PA were isolated and placed in cold-Krebs solution composed 

of (mM): NaCl 122, KCl 5, N-[2-Hydroxyethyl] piperazine-N’-[2-ethane-sulfonic 

acid] (HEPES) 10, KH2PO4 0.5, NaH2PO4 0.5, MgCl2 1, CaCl2 1.8 and glucose 11, 

pH 7.4, cleaned and cut into ~2-3 mm lengths (To-on et al., 2022; Wisutthathum, 

Demougeot, et al., 2018). Rings were mounted in organ bath chambers via a pair of 

intraluminal wires and suspended at a resting tension of 1 g in 15 mL Krebs solution 

(37ºC) and continuously bubbled with air. One of the wires was fixed, and the other 
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was connected to a force transducer to record isometric force tension via a Mac Lab 

A/D converter and ChartTM version 7 (A.D. Instruments, Castle Hill, Australia), see 

Figure 29. After an initial equilibration period of 1 h, the viability of the rings was 

checked with a 80 mM high K+ solution for 10 min and then returned to normal Krebs 

solution (Wisutthathum, Demougeot, et al., 2018).  

 

 

Figure 29 Rat pulmonary artery, thoracic aorta, and organ bath system 

 

Source: Made by Usana Chatturong (2023) 

 

Preparation of isolated second-order mesenteric artery (MA) 

Rats were anesthetized with sodium pentobarbital (60 mg/kg, i.p.), and rat 

small intestine were collected and placed in cold-Krebs solution composed of (mM): 

NaCl 118, KCl 4.7, KH2PO4 1.2, MgSO4 1.2, CaCl2 2.5, NaHCO3 25, and glucose 12, 

pH 7.4. The second-order branches of MA were isolated, cleaned, cut into rings (2 

mm in length) and mounted in organ chambers (containing 6 mL of Krebs solution 

bubbled with 95% O2, 5% CO2 and maintained at pH 7.4, 37ºC) via two 40-mm 

diameter stainless steel wires in myograph (Wisutthathum, Chootip, et al., 2018b), see 

Figure 30. To measure isometric force, a wire was connected to a Multi Myograph 

System (Model 610M v.2.2, DMT A/S, Denmark). Data were recorded using ChartTM 

Ver.7 (ADInstruments, France). For active tension development, the mesenteric rings 

were stretched to their optimal lumen diameter. The internal circumference/wall 

tension ratio of the segments was adjusted to 90% of what the vessels would have if 

they were exposed to a passive tension equivalent to that produced by a transmural 
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pressure of 100 mmHg to find the optimal lumen diameter which was determined 

using specific software for normalization of resistance arteries (DMT Normalization 

Module; ADInstruments). After an initial equilibration period of 30 min, the viability 

of the rings was checked with a 100 mM high K+ solution for 10 min and then 

returned to normal Krebs solution (Wisutthathum, Chootip, et al., 2018a).  

 

 

Figure 30 Rat mesenteric artery and multi myograph system 

 

Source: Made by Usana Chatturong (2023) 

 

The presence of functional endothelium was confirmed by a relaxation to  

10–5 M acetylcholine (ACh) ≥70% in vessels precontracted with 10-5 M PE. In some 

rings, the endothelium was mechanically removed by gently rubbing inside the lumen 

of the vessel with a small wire. Relaxation ≤10% to 10-5 M ACh is considered a 

successful endothelium removal. The arteries were again allowed to equilibrate for 30 

min before the start of the experiments.  

 

Experimental protocols  

1. Vasorelaxant effect of quinazoline derivatives, sildenafil and 

nifedipine  

To compare the vasorelaxant effects of six quinazoline derivatives and 

sildenafil on pulmonary circulation vs systemic circulation, a first screening was made 

on an isolated PA and aorta (endothelium-intact rings). Then, the contribution of the 

endothelium was studied by comparing the vasodilator effects of the compounds in 
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endothelium-intact and endothelium-denuded rings. In addition, to investigate if the 

most relaxant compounds on the PA (compounds 5 and 11) might induce side effects 

secondary to vasorelaxation of the systemic vasculature, their effects were studied on 

a resistance vessel, MA (a type of vessel that determines arterial blood pressure level), 

by comparing the effect with sildenafil. The most relaxant compound on the aorta 

(compound 8) was also studied on MA by comparing the effect with nifedipine. 

The rings were precontracted with 10–5 M PE. When the contractions 

reached a stable plateau, quinazoline derivative (10–10 – 3×10–5 M), sildenafil (10–11 – 

10–5 M for the PA and 10–10 – 3×10–5 M for MA) or nifedipine (10–10 – 3×10–5 M) 

was added cumulatively to the rings to obtain a concentration-response curve. All test 

compounds were dissolved in 100% DMSO and diluted serially with distilled water to 

obtain the final test concentrations. The same amount of solvent, DMSO (0.13% at 

maximum), was used as the negative control (vehicle). The relaxation effect was 

calculated as the percentage of the contraction in response to PE. 

 

2. Role of endothelium-dependent pathways 

To investigate the role of eNOS, COX and EDHFs, endothelium-intact PA 

or MA rings were pretreated with NG-nitro-L-arginine methyl ester (L-NAME, a NOS 

inhibitor, 10–4 M), indomethacin (a COX inhibitor, 10–5 M), or apamin (a small-

conductance Ca2+-activated K+ channel blocker, 10–7 M) plus charybdotoxin (a large-

conductance Ca2+-activated K+ channel blocker, 10–7 M), for 30 min before 

precontraction with 10–5 M PE and the rings were then exposed to cumulative 

concentrations of the tested compounds (Wisutthathum, Chootip, et al., 2018b; 

Wisutthathum, Demougeot, et al., 2018). 

 

3. Role of endothelium-independent pathways 

3.1 Role of vascular smooth muscle K+ channels  

To investigate the contribution of K+ channels to the relaxant effect of 

the tested compounds, endothelium-denuded PA or MA rings were incubated with 4-

aminopyridine (4-AP, voltage-gated K+ channel (KV) blocker, 10–3 M), glibenclamide 

(ATP-sensitive K+ channel (KATP) blocker, 10–5 M), and iberiotoxin (large 

conductance Ca2+-activated K+ channels (KCa) blocker, 3×10–7 M in the PA or 10–7 M 
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in the MA) for 30 min before contraction with 10–5 M PE and the rings were then 

exposed to cumulative concentrations of the tested compounds (Wisutthathum, 

Chootip, et al., 2018b; Wisutthathum, Demougeot, et al., 2018). 

3.2 Role of the sGC/cGMP pathway 

As compounds 5, 8 and 11 pertain to a series of quinazolines 

developed for their potential as PDE5 inhibitors (Paracha et al., 2019; Pobsuk et al., 

2019), the role of the sGC/cGMP pathway was investigated. First, to evaluate whether 

the vasorelaxant effect of the tested compounds might be dependent on PDE5 

inhibition, by determining if the tested compounds might increase the relaxant effect 

of sodium nitroprusside (SNP), a NO donor, that activates sGC in VSMC and increase 

the cGMP-induced vasorelaxation. Endothelium-denuded PA or MA rings were 

incubated with the tested compounds at their EC50 (compound 5, 3×10–6 M in the PA 

or 5×10–6 M in MA; compound 11, 5×10–6 M in the PA or 3×10–6 M in MA; 

compound 8, 6×10–7 M in MA; sildenafil, 5×10–7 M in the PA) or vehicle (0.02% 

DMSO) for 10 min before precontraction with 10–5 M PE. Then, cumulative 

concentrations of SNP (10–11 – 10–4 M) were added to activate the sGC and to 

enhance cGMP production in the vascular smooth muscles (Wisutthathum, Chootip, 

et al., 2018b; Wisutthathum, Demougeot, et al., 2018). Second, to determine if the 

tested compounds directly activated sGC, endothelium-denuded PA or MA rings were 

preincubated with 1H-[1,2,4]oxadiazolo[4,3-a]quinoxaline-1-one (ODQ, a selective 

sGC inhibitor, 10−5 M) for 30 min before adding 10−5 M PE and subsequent 

cumulative concentrations of the tested compounds (Wisutthathum, Chootip, et al., 

2018b; Wisutthathum, Demougeot, et al., 2018). 

3.3 Role of extracellular Ca2+ influx 

To study the role of receptor-operated Ca2+ channel (ROCC) or 

voltage-operated Ca2+ channel (VOCC) in the vasorelaxant effect, endothelium-

denuded PA or MA rings were incubated in Ca2+-free Krebs solution containing 

methylene glycol-bis (2-aminoethylether)-N,N,N’,N’-tetraacetic acid (EGTA, 2 mM) 

for 40 min. Then, 10–5 M PE was added to deplete the intracellular Ca2+ store of SR. 

After washing with Ca2+-free Krebs solution 4 times at 10 min intervals, the rings 

were incubated with the tested compounds at their EC50 (compound 5, 3×10–6 M in 

the PA or 5×10–6 M in MA; compound 11, 5×10–6 M in the PA or 3×10–6 M in MA; 
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compound 8, 6×10–7 M in MA; sildenafil, 5×10–7 M in the PA), or vehicle (0.02% 

DMSO), for 10 min in Ca2+-free Krebs solution with 10–5 M PE to open the ROCC or 

with 80 mM high K+ solution to open the VOCC. Then, cumulative concentrations of 

CaCl2 (10–5 – 10–2 M) were added to evoke a contractile response. The %contraction 

of CaCl2 was normalized with a maximum contraction of 10–5 M PE in the normal 

Krebs solution condition (Wisutthathum, Chootip, et al., 2018b; Wisutthathum, 

Demougeot, et al., 2018). 

3.4 Role of intracellular Ca2+ release 

For the PA, endothelium-denuded rings were precontracted with 80 

mM high K+ solution for 5 min to stimulate the initial Ca2+ loading into SR Ca2+ 

stores. Then, the baths were replaced with Ca2+-free Krebs solution for 15 min and 

10–5 M PE was added to release Ca2+ from SR, thereby eliciting a transient 

contraction. The same protocol was repeated after incubation for 10 min with vehicle 

(0.02% DMSO) or the tested compounds at their EC50 (3×10–6 M compound 5, 5×10–6 

M compound 11 or 5×10–7 M sildenafil) before adding 10–5 M PE (Kamkaew et al., 

2019). For MA, the endothelial-denuded rings were incubated with L-type voltage-

dependent Ca2+ channel inhibitor (verapamil, 10–7 M) for 30 min. Then, the tested 

compounds at their EC50 (5×10–6 M compound 5, compound 8, 6×10–7 M, or 3×10–6 M 

compound 11), or vehicle (0.02% DMSO), were incubated for 10 min before adding 10–5 

M PE to stimulate intracellular Ca2+ release through the opening of IP3 receptors from SR 

(Wisutthathum, Chootip, et al., 2018b).  

3.5 Role of α1-adrenergic receptors 

Endothelium-denuded PA or MA rings were preincubated with the 

tested compounds at their EC50 (compound 5, 3×10–6 M in the PA or 5×10–6 M in 

MA; compound 11, 5×10–6 M in the PA or 3×10–6 M in MA; compound 8, 6×10–7 M 

in MA; sildenafil, 5×10–7 M in the PA), or vehicle (0.02% DMSO), for 15 min. Then 

accumulating concentrations of PE (α1-adrenergic receptors, 10–10 – 10–4M) were 

added (Paracha et al., 2019). 
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Cytotoxicity of the compounds on VSMCs isolated from the rat PA and aorta 

VSMCs isolation and cytotoxicity study  

Fresh PA and aorta were dissected out from healthy male Wistar rats (250-

300 g), cleaned, opened longitudinally, and cut into small strips (3 mm in length). The 

strips were placed in a dissociation medium (DM) containing (mM): NaCl 110, KCl 

5, HEPES 10, KH2PO4 0.5, NaH2PO4 0.5, NaHCO3 10, taurine 10, EDTA 0.5, MgCl2 

2, CaCl2 0.16 and glucose 10, and maintained at pH 7, then incubated overnight at 

4°C in DM containing 1 mg/mL papain, 0.04% BSA and 0.4 mM DTT and further 

incubated at 37°C for 15 min. Subsequently, the tissues were digested by adding 1 

mg/mL collagenase and then further incubated for 5 min at 37°C. The tissues were 

transferred into fresh DM and scattered by gentle trituration with a glass pasteur 

pipette until isolated VSMCs appeared in the bathing solution (To-on et al., 2022). 

The isolated VSMCs were counted with a hemocytometer using 0.4% trypan blue 

penetration (GibcoTM, Thermo Scientific, USA) and seeded on 96-well plates at 5×105 

cells/well then incubated overnight at 4°C for cells attachment. The acute toxicity of 

quinazoline derivatives and sildenafil on the VSMCs were investigated by 

determining cell viability by using 3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide (MTT) assay. The VSMCs were treated with 100 µL of 

the tested compounds (10-7 – 10-4 M) or 0.1% DMSO for 1h at 37ºC with 5% CO2 and 

further cells were incubated with 100 µL MTT solution (0.5 mg/mL) at 37ºC with 5% 

CO2 for 4 h. The supernatant was then discarded and 100 µL DMSO was added and 

shaken in the dark for 30 min to dissolve any formazan crystals. The absorbance was 

measured at a wavelength of 595 nm by spectrophotometry. The viability of the 

VSMCs was calculated as a percentage of absorbance, compared with the control in 

which the viability of control cells (no treatment) was considered as 100%. 

 

Acute hypotensive effect of compound 8 and nifedipine 

To investigate whether the direct ex vivo vascular effect of compound 8 on 

resistance vessels translates into an in vivo effect, the acute hypotensive effect of 

compound 8 was compared with nifedipine in anesthetized rats. Male Wistar rats were 

anesthetized with sodium pentobarbital (60 mg/kg, i.p.) and supplemented as needed 

to maintain deep anesthesia. The left carotid artery and penile vein were cannulated 
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with a polyethylene tube (PE50, 0.58 mm i.d. × 0.96 mm o.d.) filled with heparinized 

saline solution (heparin 50 units/mL of 0.9% sodium chloride solution). The arterial 

catheter was connected to a pressure recorder system (Gould-EasyGraf chart-recorder, 

USA) (See Figure 31) under rectal temperature control (Verhoeven et al., 2017).  

 

 
 

Figure 31 Flow chart and schematic diagram of the acute hypotensive effect 

study. (A) Schematic diagram illustrating rat cannulation for testing 

the acute hypotensive effect of the tested compound. The rats were 

anesthetized, and blood pressure was measured after cannulation of 

the left carotid artery and connection of the catheter to a pressure 

recorder system (Gould-EasyGraf chart-recorder, USA) under rectal 

temperature control. The intravenous infusion (i.v.) of vehicle, 

nifedipine, or compound 8 were made into the penile vein. (B) The 

experimental group of the vehicle, nifedipine, and compound 8 

infusion. (C) Graphical visualization of the time course of the 

experiments. 

 

Source: Made by Usana Chatturong (2023) 
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After a 15 min stabilization period, systolic arterial blood pressure (SBP), 

diastolic blood pressure (DBP), and heart rate (HR) were recorded before and during 

intravenous infusion (at 1 mL/min) of a vehicle (0.9% sodium chloride solution 

containing 5% DMSO), compound 8 or nifedipine (0.01, 0.05, or 0.1 mg/kg BW) 

(Paulis et al., 2007). The tested compounds were dissolved in 100% DMSO and 

diluted with 0.9% sodium chloride solution to obtain the final test dose. Successive 

infusions were separated for sufficient time (>15 min) to allow full recovery of the 

cardiovascular parameters. 

 

Cytochrome P450 (CYP) induction and inhibition 

Drug metabolism is the process of the chemical modification of drugs once 

they reach the body. In general, the therapeutic effects of drugs are reduced once drug 

metabolism occurs. As shown in Figure 32, the general pathways of drug metabolism 

can be divided into 2 reactions, phase I and phase II reactions (Bachmann, 2009). 

Phase I, the biotransformation reactions, involve the oxidation, reduction, and 

hydrolysis of the drug to increase its polarity. Phase II, conjugation reactions, 

generally function as a detoxifying stage in drug metabolism (Bachmann, 2009; Zhao 

et al., 2021). The liver is a large organ that metabolizes several drugs during both 

Phase I and II reactions that include complex processes involving CYP enzyme 

activities (Vaja & Rana, 2020). 

 

 

Figure 32 General pathways of drug metabolism 

 

Source: Made by Usana Chatturong (2023) 
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CYP is the drug-metabolizing enzyme, mainly expressed in the liver, which 

plays an important role in the metabolism, conjugation, and detoxification of drugs. 

CYPs are categorized by similar gene sequences. They are allocated a family number 

(such as CYP1, CYP2, CYP3) and a subfamily letter (such as CYP1A, CYP2B, 

CYP3A), and the last is differentiated by a number for the isoform or individual 

enzyme (such as CYP1A2, CYP2B1, CYP3A9) (McDonnell & Dang, 2013). Among 

the 57 functioning CYPs, three families, CYP1, 2, and 3, are mainly responsible for 

clinical drug metabolism. The most important CYP enzymes for drug-metabolizing 

are CYP3A4 (30.2%) and CYP2D6 (20%), followed by, CYP2C9 (12.8%), CYP1A2 

(8.9%), CYP2B6 (7.2%), CYP2C19 (6.8%), CYP2C8 (4.7%), CYP2A6 (3.4%), and 

CYP2E1 (3%) (Zhao et al., 2021). Since 1997, every drug authorized by the United 

States Food and Drug Administration (FDA) has required a study of, and reporting of, 

CYP metabolism and its potential for inhibition or induction (Lynch & Price, 2007). 

Primary hepatocyte cultures that were isolated from human or rat livers were 

commonly used in the in vitro experimental model for the evaluation of hepatotoxicity 

and CYP induction and inhibition activities (Li, 1997; Soldatow et al., 2013). These 

models can help predict in vivo hepatotoxicity, metabolism, clearance, and potential 

drug-drug interactions of the new drugs or new compounds. 

The parameters that must be known before studying CYP activities are CYP 

substrate, CYP inducer, and CYP inhibitor. 

1) CYP substrates are drugs or other substances that are metabolized by 

CYP, such as luciferin used as a CYP3A4 and 2C9 substrate in many studies (Cornu 

et al., 2018; Li, 2009). 

2) CYP inducers are substances that can increase the CYP enzyme. 

Consequently, this increases drug metabolism in the body, which may lead to a 

decrease in therapeutic concentration and cause treatment failure. Phenobarbital (PB) 

is an example of a CYP inducer for CYP3A4 and β–naphthoflavone (β–NF) is similar 

for CYP1A2 (Cornu et al., 2018; McDonnell & Dang, 2013). 

3) CYP inhibitors are substances that can inhibit or reduce the CYP 

enzyme. Consequently, this decreases drug metabolism in the body, which may lead 

to decreased total clearance and increase the effect or the potential for toxicity. 

Ketoconazole (Keto) is an example of a CYP inhibitor for CYP3A4, and α-
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naphthoflavone (α-NF) for CYP1A2, with erythromycin (Ery) an example of a CYP 

inducer for CYP2B1 (Cornu et al., 2018; McDonnell & Dang, 2013). 

 

Hepatocytes viability and CYP assays 

To determine the potential of quinazoline derivatives (Compounds 5, 8 and 

11) for drug interactions, their toxicity on rat-isolated hepatocytes and their impact on 

CYP inhibition and induction were investigated. Sildenafil and nifedipine were used 

as reference comparators. Healthy male Wistar rats (200-250 g) were anesthetized 

with sodium pentobarbital (60 mg/kg, i.p.). The rat hepatocytes were isolated by a 

two-step collagenase perfusion via the hepatic portal vein (Cornu et al., 2018). First, 

the livers were perfused with Ca2+-free HEPES buffer (containing (mM): NaCl 137, 

KCl 2.7, Na2HPO4 0.8, HEPES 25, EGTA 0.5, maintained at pH 7.35, 37°C) for 10 

min using a flow rate of 25 mL/min. The livers were then perfused with HEPES 

buffer containing 0.03% collagenase and 5 mM CaCl2 for 6 min and the digested 

livers were crushed in phosphate-buffered saline (PBS) and filtered to remove 

undigested aggregates and washed by PBS at low-speed centrifugation (70 g, 4°C, 3 

min). The living cells were then collected by adding hepatocytes on PBS:Percoll (2:1) 

and centrifuged for 10 min (70 g, 4°C). The resultant pellets were resuspended in PBS 

and washed once by low-speed centrifugation. Cell viability was estimated by trypan 

blue exclusion. The living cells and dead cells were counted and calculated as a 

percentage of living cells to cell death (which should be more than 70%). Then, 

isolated hepatocytes were resuspended in William’s E culture medium supplemented 

with 10% fetal calf serum (FCS), 4 μg/mL insulin, 10 μM hydrocortisone, 100U/mL 

penicillin and 100 µg/mL streptomycin. The hepatocytes (7×105 cells/well) were 

seeded in collagen I coated 96-well plates and incubated at 37°C in a humidified 

chamber with 95%air/5%CO2 for cell attachment.  

For hepatocytes viability assay, fresh William’s E culture medium (without 

FCS) containing 10-8 – 10-4 M of compounds, was added to the cultures and renewed 

daily. All the tested compounds were dissolved in 100% DMSO and diluted serially 

with fresh William’s E culture medium (without FCS) to obtain the final test 

concentrations. 1% DMSO was used as the negative control (vehicle). Evaluation of 

cell viability after 24 h, 48 h and 72 h of exposure were determined by adding 100 µL 
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MTT (0.5 mg/mL) and incubating at 37°C in a humidified chamber with 

95%air/5%CO2 for 3 h. Then, MTT was removed and 100 µL DMSO was added to 

dissolve any formazan crystals before measuring the absorbance at 570 nm using a 

microplate reader. Cell viability was calculated as the percentage of cell viability in 

comparison to 0.1%DMSO. 

For CYP induction/inhibition evaluation, rat hepatocytes were treated with 

the tested compounds (10-7 – 10-5 M) or 0.1% DMSO for 24 h, 48 h and 72 h. β–

naphthoflavone (β–NF, 5×10–5 M for CYP1A) and phenobarbital (PB, 10-3 M for 

CYP2B or 2×10-3 M for CYP2C and 3A) were used for 24 h, 48 h and 72 h of 

treatment as reference CYP inducers. α–naphthoflavone (α–NF, 10-5 M for CYP1A), 

erythromycin (Ery, 10-5 M for CYP2B) and ketoconazole (Keto, 2.5×10-5 M for 

CYP2C and 3A) were added for 2 h (α-NF) or 24 h (Ery and Keto) in the culture as 

reference CYP inhibitors.  

CYP1A and CYP2B activities were evaluated by measuring ethoxyresorufin-

O-deethylase (EROD) or benzyloxyresorufin-O-dealkylase (BROD) activity, 

respectively. These experiments followed the protocol of Cornu et al., 2018 (Cornu et 

al., 2018). Briefly, cell cultures were washed with PBS for 5 min and incubated for 1 

h at 37°C in a culture medium supplemented with 1 mM salicylamide and 10 μM 

ethoxyresorufin (for CYP1A) or 4.1 μM benzyloxyresorufin (for CYP2B). The 

content from each well was then removed to 96-well black microplates. The quantity 

of the fluorescent metabolite resorufin produced was determined at λexcitation 530 nm 

and λemission 580 nm. The activities of CYP1A and 2B were expressed as pmol 

resorufin formed/min/mg cellular protein.  

CYP2C and 3A activities were measured using the P450-Glo™ CYP2C9 

(Luciferin-H) or P450-Glo™ CYP3A4 (Luciferin-IPA) assay kit (Promega, 

Charbonnières-les-Bains, France) according to the manufacturer’s instructions. 

Briefly, cell cultures were washed with PBS for 5 min and incubated with 35 µL 

luciferin substrate for 4 h (CYP2C) or 1 h (CYP3A) at 37°C. The content from each 

well was then transferred to 96-well white microplates, and 35 µL of luciferin 

detection reagent was added before incubating in the dark for 20 min at room 

temperature. The level of luminescence was then read. The activities of CYP2C and 

3A were expressed as relative luminescent units (RLU)/min/mg cellular protein. 
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Protein content was determined using the bicinchoninic acid protein 

determination kit (Sigma) and bovine serum albumin (BSA) as a standard. CYP 

activities were expressed as fold change vs 0.1% DMSO, which was set at 1.  

 

Drugs and chemicals 

Crude snake venom, Tris-HCL, MgCl2, PMSF, EDTA, DTT, imidazole, 

BSA, EGTA, DEAE-Sephadex, DMSO, sildenafil citrate salt (purity ≥98%), 

nifedipine, PE, ACh, nifedipine, 4–AP, ODQ, glibenclamide, verapamil, SNP, β–NF, 

PB, α–NF, Ery, Keto, BSA, MTT, and collagenase type IV were purchased from 

Sigma Chemical (St. Louis, MO, USA). [3H] cGMP and Ultima GoldTM were 

purchased from Perkin Elmer (Boston, MA, USA). Tris-hydroxymethyl-methylamine 

(NH2C(CH2OH)3) were purchased from Univar, Australia. Iberiotoxin was purchased 

from Smartox Biotechnology (France). William’s E culture medium, FCS, insulin, 

and penicillin/streptomycin were obtained from Invitrogen Corporation (France). 

ODQ, glybenclamide, 4-AP, β–NF, PB, α–NF, Ery and Keto were dissolved in 100% 

DMSO. Indomethacin was dissolved in 0.5% w/v Na2CO3 and adjusted pH to 7.4 with 

1 M NaOH. Other substances were dissolved in distilled water. 

 

Statistical analysis 

Data were expressed as mean ± standard error of mean (SEM). Vasorelaxant 

responses were expressed as the percentage of inhibition of the contractile response to 

10-5 M PE. Values were analyzed using GraphPad Prism software (version 5.0, San 

Diego, USA). EC50 (half maximal effective concentration) Emax (values of maximal 

relaxation) and IC50 (half maximal inhibitory concentration) were calculated by fitting 

the original dose-response curves. Concentration-response curves were compared by 

two-way analysis of variance (ANOVA) for repeated measures. According to the 

OECD Guidelines for the testing of chemicals (Cornu et al., 2018), statistical analysis 

was performed only when fold change was <1 for CYP inhibition and ≥2 for CYP 

induction. Comparison between two values was assessed by the unpaired Student’s t-

test. p < 0.05 was considered statistically significant. 



 
 

 

CHAPTER IV 

 

RESULTS AND DISCUSSION 

 

STUDY I: Identification of N2,N4-disubstituted quinazoline 2,4-diamines with 

human PDE5 inhibition, vasorelaxant effects on pulmonary and 

systemic circulation, cytotoxicity, and CYP activities in comparison 

to sildenafil. 

 

Results of study I 

1. Human PDE5 inhibition by quinazoline derivatives and sildenafil 

As shown in  

Figure 33 and Table 6, all quinazoline derivatives inhibited human PDE5 

activity, ranging from 0.005 µM for compounds 5 and 11 to 0.062 µM for compound 

8. According to their IC50 values, the order of inhibitory activity was compounds 5 = 

11 > 4 > 9 > 10 > 8. For comparison, sildenafil displayed, at an IC50 of 0.002 µM, 

only 2.5-fold more potent than compounds 5 and 11 (p<0.05), while it was ∼9 to 

∼35-fold (p<0.001) more potent than compounds 4, 8, 9, and 10. 

 

 

 

Figure 33 Human PDE5 inhibition by quinazoline derivatives and sildenafil. 

Representative concentration-response curves of quinazoline 
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derivatives, (A) Compound 4 (B) Compound 5 (C) Compound 8 (D) 

Compound 9 (E) Compound 10 (F) Compound 11, and (G) sildenafil 

against human PDE5 inhibition using the radioactive assay. Values 

were expressed as means±SEM (n = 3 individual experiments) 

 

Table 6 IC50 values of test compounds against human PDE5 enzymes 

Compound ID 
Human PDE5 inhibition activity 

IC50 (µM) 

4 0.015 ± 0.002*** 

5 0.005 ± 0.001* 

8 0.062 ± 0.007*** 

9 0.019 ± 0.008*** 

10 0.045 ± 0.021*** 

11 0.005 ± 0.001* 

Sildenafil 0.002 ± 0.0004 

 

IC50 values were calculated from concentration-response curves of human 

PDE5 inhibition. Values were expressed as means±SEM (n = 3 individual 

experiments). *p<0.05, ***p<0.001 vs sildenafil. 

 

2. Cytotoxicity of quinazoline derivatives and sildenafil on the cultured aorta 

VSMCs and the PASMCs 

The cytotoxicity of quinazoline derivatives and sildenafil towards isolated 

VSMCs of the rat aorta (Figure 34) and the PA (Figure 35) was assessed by the MTT 

assay. Treatment with quinazoline derivatives (0.1-100 µM), sildenafil (0.1-100 µM), 

and the solvent (vehicle, 0.1% DMSO) for 1 h did not influence the viability of either 

aorta VSMCs or the PASMCs, whereas the highest concentration of sildenafil (at 100 

µM) reduced the PASMCs viability from 107.29±3.74 to 79.32±4.81% (Figure 35F, 

p<0.05 vs vehicle).  

 



83 

 

 

 

Figure 34 Cytotoxicity of quinazoline derivatives and sildenafil on cultured aorta 

VSMCs. Cytotoxicity testing of (A) compound 4 (B) compound 5 (C) 

compound 8 (D) compound 9 (E) compound 11, and (F) sildenafil at 

concentrations of 0.1-100 µM for 1 h on rat aorta VSMCs. Values 

were expressed as means±SEM from a triplicate of 3 independent 

cultures. The absorbance was normalized by the control value (as 

100%). 
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Figure 35 Cytotoxicity of quinazoline derivatives and sildenafil on cultured 

PASMCs. Cytotoxicity testing of (A) compound 4 (B) compound 5 (C) 

compound 8 (D) compound 9 (E) compound 11, and (F) sildenafil at 

concentrations of 0.1-100 µM for 1 h on rat PASMCs. Values were 

expressed as means±SEM from a triplicate of 3 independent cultures. 

The absorbance was normalized by the control value (100%). ⁎p<0.05 

vs cell viability of vehicle. 
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3. Identification of N2,N4-disubstituted quinazoline 2,4-diamines with 

vasorelaxant effects on pulmonary circulation and systemic circulation in 

comparison to sildenafil. 

3.1 Compounds 5 and 11 induced a stronger vasorelaxant effect on the 

PA as compared to aorta. 

To determine the capacity of quinazoline derivatives to selectively vasodilate 

the PA, the relaxant effect of the compounds was studied on both the PA and aorta 

(Figure 36). While all compounds vasodilated both the rat PA and aorta, only two 

compounds (5 and 11) induced a greater relaxation in the PA than in the aorta (Figure 

36B and Figure 36F). Conversely, the relaxant effect of compound 8 in the aorta was 

superior to that in the PA (Figure 36C). Importantly, sildenafil induced a similar 

vasorelaxant effect in both the PA and aorta (Figure 36G). Table 7 shows the 

pharmacological parameters of compounds 5 and 11 as compared to sildenafil. 

Regarding the relaxant effect on the PA, while the potency (EC50) of compounds 5 

and 11 was lower than sildenafil (0.94±0.30 and 1.03±0.23 vs 0.05±0.02 µM, 

respectively, p<0.01), the maximal relaxation (Emax) was not different (87.9±5.03, 

96.1±1.30 and 98.0±1.63%, respectively). 

 

 

 

Figure 36 Comparison of the vasorelaxant effect of quinazoline compounds and 

sildenafil on the PA vs aorta. The vasorelaxant effect of six 

quinazoline derivatives and sildenafil was studied in endothelium-
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intact PA and aortic rings preconstricted with 10–5 M PE. Values 

were expressed as means±SEM (n = 5-6). ⁎p<0.05, ⁎⁎⁎p<0.001 vs the 

PA. 

 

Table 7 Pharmacological parameters of quinazoline compounds and sildenafil 

Compound 
Vasorelaxation EC50 (µM) SI of 

vasorelaxation PA Aorta 

4 3.92±1.15*** 3.73±0.81** 1.0 

5 0.94±0.30** 7.36±1.44***,## 7.8 

8 6.16±1.30*** 1.26±0.33*,## 0.2 

9 3.72±0.62*** 3.84±1.68** 1.0 

10 3.55±1.10*** 2.41±0.55** 0.7 

11 1.03±0.23** 6.49±1.18***,## 6.3 

Sildenafil 0.05±0.02 0.11±0.07 2.1 

 

EC50 was calculated from concentration-response curves of vasorelaxation on 

endothelium-intact isolated the PA and aorta. The selectivity index (SI) is the ratio of 

(EC50 aorta)/(EC50 the PA) that reflects the selectivity of each compound for the PA 

vs aorta. Values were expressed as means±SEM (n = 5-6 rats). ⁎p<0.05, ⁎⁎p<0.01, 

⁎⁎⁎p<0.001 vs sildenafil; ##p<0.01 vs the PA. 

 

Even though compounds 5 and 11 had a lower relaxant effect on the PA than 

sildenafil (Table 7), the calculation of the SI values that reflects the capacity of 

relaxation of the PA over the aorta showed that SI was greater for compounds 5 (7.8) 

and 11 (6.3) than sildenafil (2.7). As the aorta is a conductance vessel, the relaxant 

effect of these compounds was also evaluated in a resistance vessel, the mesenteric 

artery (MA). As shown in Figure 37, the relaxation induced by both compounds was 

lower than sildenafil. Consistently, EC50 values of compounds 5 and 11 were 

significantly higher than sildenafil (0.76±0.29 and 0.54±0.13 vs 0.03±0.01 µM, 

respectively, p<0.05), while the maximal relaxation (Emax) was not different 



87 

 

(95.7±1.00, 93.2±1.93 and 99.0±1.02, respectively), which is consistent with a lesser 

relaxant effect of compounds 5 and 11 than sildenafil on the systemic vasculature. 

 

 

 

Figure 37 Comparison of the vasorelaxant effect on MA of compounds 5 and 11 

vs sildenafil. The vasorelaxant effect of the compounds was studied in 

endothelium-intact MA rings precontracted with 10-5 M PE. Values 

were expressed as means±SEM (n = 7-8). ⁎⁎⁎p<0.001 vs sildenafil. 

 

4. Comparison of the mechanisms of vasorelaxation induced by compounds 5 

and 11, and sildenafil on PA 

4.1 The vasorelaxant effect of compounds 5, 11 and sildenafil is 

endothelium- and NO-dependent. 

A more detailed investigation of the pharmacological mechanisms involved 

in the vasorelaxant effect of compounds 5 and 11 in the PA was subsequently 

undertaken, with a comparison to sildenafil. First, the role of endothelium was 

investigated. As shown in Figure 38, the removal of the endothelium significantly 

decreased the relaxation effect of all compounds (Figure 38A-C, Table 8). The solvent 

used, DMSO at a final concentration of 0.13%, had no effect (Figure 38D, Table 8).  

To study the mechanisms involved, endothelium-intact PA rings were first 

incubated with specific blockers of endothelial signaling pathways (L-NAME, 

indomethacin, or apamin plus charybdotoxin that inhibit NOS, COX or EDHF, 

respectively). Among them, only inhibition of NOS by L-NAME reduced the 
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relaxation induced by compounds 5, 11 and sildenafil (Figure 39A-C, Table 8), 

whereas blockade of COX or inhibition of EDHF did not change their effects (Figure 

39A-C). 

 

 

Figure 38 Contribution of the endothelium to the vasorelaxant effects of 

compounds 5, 11 and sildenafil in the PA. Concentration-response 

curves of compound 5 (A), compound 11 (B), sildenafil (C) or vehicle 

(D) in the PA with (E+) or without (E–) endothelium precontracted 

with 10–5 M PE. Values were expressed as means±SEM (n = 5-6 rats). 

⁎⁎p<0.01, ⁎⁎⁎p<0.001 vs the PA (E+). 
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Figure 39  Contribution of the endothelial signaling pathways to the vasorelaxant 

effects of compounds 5, 11 and sildenafil in the PA. Concentration-

response curves of compound 5 (A), compound 11 (B) and sildenafil 

(C) in endothelium-intact (E+) PA rings precontracted with PE and 

pretreated with inhibitors of endothelial signaling pathways including 

L-NAME (NOS blocker), indomethacin (COX blocker), or apamin 

plus charybdotoxin (EDHF blocker). Values were expressed as 

means±SEM (n = 5–6). ⁎⁎⁎p<0.001 vs the PA (E+). 

 

Table 8 EC50 and Emax values for the vasorelaxant response of compounds 5, 11 

and sildenafil 

Compounds 5 11 Sildenafil 

Endothelium-intact (E+) 

Compound (E+) 

EC50 (µM) 0.94±0.30* 1.03±0.23** 0.05±0.02 

Emax (%) 87.9±5.03 96.1±1.30 98.0±1.63 

  + L-NAME 

EC50 (µM) 5.17±1.41# 5.81±1.18## 4.26±0.69### 

Emax (%) 41.3±3.3### 31.48±5.93*,### 52.42±5.54### 

  + Indomethacin 

EC50 (µM) 0.82±0.41 4.09±1.15*** 0.48±0.08### 

Emax (%) 87.67±3.66 91.85±7.26 81.25±2.72 
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Compounds 5 11 Sildenafil 

  + Apamin + Charybdotoxin 

EC50 (µM) 0.79±0.31 1.86±0.21* 0.40±0.11# 

Emax (%) 97.3±2.73 97.5±1.63 99.5±0.49 

Endothelium-denuded (E-) 

Compound (E–) 

EC50 (µM) 3.17±0.51*,## 5.32±0.87**,## 0.53±0.11## 

Emax (%) 60.9±4.43*,## 54.4±5.39*,### 79.3±5.06# 

  + ODQ 

EC50 (µM) 10.54±1.15## 12.34±1.77## 9.06 ± 0.69### 

Emax (%) 30.0±5.94## 33.0±4.17# 46.7±6.32### 

  + 4-AP 

EC50 (µM) 5.91±1.56** 7.80±2.14** 2.55±0.36 

Emax (%) 52.8±1.73* 55.1±5.15 70.9±4.90 

  + Glibenclamide 

EC50 (µM) 3.15±0.86* 5.76±0.86** 1.87±0.62 

Emax (%) 62.3±3.24 52.2±2.09* 73.6±6.59 

  + Iberiotoxin 

EC50 (µM) 2.89±1.42 5.83±1.52** 2.01±0.69 

Emax (%) 63.2±4.34 52.0±3.18* 75.2±6.97 

 

Experiments were made on endothelium-intact (E+) and endothelium-

denuded (E-) PA rings with and without inhibitors. Values were expressed as 

means±SEM (n = 5-6). ⁎p<0.05, ⁎⁎p<0.01, ⁎⁎⁎p<0.001 vs sildenafil in the same 

condition; #p<0.05, ##p<0.01, ###p<0.001 vs endothelium-intact (E+) or endothelium-

denuded (E-) rings without inhibitors. 
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4.2 Potentiation of sGC/cGMP pathway is involved in relaxation to 

compounds 5, 11 and sildenafil. 

To determine if the PDE5 inhibitory effects of the quinazoline derivatives 

may be involved in their relaxant effect, their capacity to potentiate the relaxant effect 

of SNP, a NO donor, that activates sGC and increases cGMP synthesis was 

investigated. Consistent with a contribution of PDE5 inhibition, compounds 5, 11 and 

sildenafil increased SNP-induced relaxation in endothelium-denuded PA rings 

compared to the vehicle (Figure 40A-C). The EC50 values of SNP decreased from 

7.1±1.0 nM (vehicle) to 3.6±0.8 nM (compounds 5), 3.4±0.9 nM (compounds 11) and 

2.4±0.7 nM (sildenafil) (p<0.05) but there was not change in the Emax values of SNP 

(98.7±0.4% (compound 5), 99.3±0.3% (compound 11) and 97.9±0.4% (sildenafil) vs 

99.8±0.1% (vehicle)). To determine if a direct activation of sGC might be also 

involved, the effect of ODQ was studied. Figure 40D-F and Table 8 showed that the 

vasorelaxation induced by compounds 5, 11 and sildenafil was significantly reduced 

by the sGC inhibitor. 

 

 

Figure 40 Contribution of the sGC/cGMP pathway to vasorelaxant effects of 

compounds 5, 11 and sildenafil in the PA. Concentration-response 

curves of SNP (NO donor) after incubation with compound 5 (A), 
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compound 11 (B) and sildenafil (C) or vehicle in endothelium-

denuded PA (E–) rings. Concentration-response curves of compound 

5 (D), compound 11 (E) and sildenafil (F) after incubation with ODQ 

in endothelium-denuded PA (E–) rings. Values were expressed as 

means±SEM (n = 5-6). ⁎⁎p<0.01, ⁎⁎⁎p<0.001 vs the PA or vehicle. 

 

4.3 The vasorelaxant effect of compounds 5 and 11 relies on ROCC 

inhibition but not activation of K+ channels  

The effect of various K+ channel blockers (4-AP, glibenclamide, and 

iberiotoxin that inhibit KV, KATP, and KCa, respectively) was evaluated on 

endothelium-denuded PA rings. As shown in Figure 41, K+ channel blockers did not 

change the vasorelaxation of compounds 5, 11 and sildenafil (Figure 41A-C). Then, 

the impact of the compounds on Ca2+ fluxes was studied. Compounds 5, 11 and 

sildenafil significantly attenuated the contraction induced by extracellular Ca2+ influx 

in PE-exposed rings (opening of ROCC, Figure 41D, p<0.001) whereas no change 

was observed after 80 mM high K+ solution (opening of VOCC, Figure 41E). 

Regarding intracellular Ca2+ fluxes, data reported that compounds 5 and 11 and 

sildenafil significantly reduced PE-induced Ca2+ release from SR (Figure 41F, 

p<0.01).  
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Figure 41 Contribution of K+ and Ca2+ channels to vasorelaxant effects of the 

compounds in the PA. Concentration-response curves of compound 5 

(A), compound 11 (B) and sildenafil (C) in endothelium-denuded pa(E–

) rings precontracted with PE and pretreated with various K+ channel 

inhibitors: 4-AP (KV blocker), glibenclamide (KATP blocker) or 

iberiotoxin (KCa blocker). Concentration-response curves of CaCl2 

after incubation of the endothelium-denuded PA (E–) rings with 

compounds or vehicle and exposure to PE (D, ROCC opening) or 80 

mM high K+ solution (E, VOCC opening) in a Ca2+-free Krebs solution. 

(F) Effect of compounds on Ca2+ release from SR. Values were 

expressed as means±SEM (n = 5-6 rats). ⁎⁎p<0.01, ⁎⁎⁎p<0.001 vs vehicle.   
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4.4 Compounds 5, 11 and sildenafil do not affect α1-adrenergic receptors  

To determine if the blockade of α1-adrenergic receptors might be involved, 

the effect of compounds 5, 11, sildenafil or vehicle on PE-induced contraction was 

studied. As compared to the vehicle, all compounds slightly decreased PE-induced 

contraction but not significantly (Figure 42). The Emax values of compounds 5, 11, 

sildenafil and the vehicle are 48.5±2.8, 53.2±5.4, 51.1±9.9 and 62.9±6.4%, 

respectively, and the EC50 values are 0.5±0.1, 0.6±0.1, 0.5±0.2 and 0.2±0.1 µM, 

respectively. 

 

 

Figure 42 Contribution of α1-adrenergic receptors to vasorelaxant effects of  

compounds 5, 11, sildenafil or vehicle in the PA. Concentration-

response curves for PE-induced contraction after incubation with 

compounds 5, 11, sildenafil or vehicle in endothelium-denuded PA 

(E–) rings. Values were expressed as means±SEM (n = 5). 

 

5. Endothelium-independent mechanisms of compounds 5 and 11 are different in 

the systemic vasculature.  

To determine if the mechanisms of vasorelaxation of compounds 5 and 11 

differ according to the vascular beds, a mechanistic study was also conducted in MA. 

As shown in Figure 43 and Table 9, the mechanisms involved in the effects of 

compounds 5 and 11 are similar in the MA and PA regarding endothelium-dependent 

mechanisms, potentiation of SNP, and effects on Ca2+ fluxes, but differ as regards K+ 
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channels, sGC activation, and inhibition of α1-adrenergic receptors, as more details 

are explained below. 

 

5.1 The vasorelaxant effect of compounds 5 and 11 was endothelium- 

and NO-dependent in MA. 

The removal of the endothelium significantly decreased the relaxation effect 

of all compounds (Figure 43A-B and Table 9). Inhibition of NOS by L-NAME 

reduced the relaxation induced by compounds 5 and 11, whereas blockade of COX or 

inhibition of EDHF did not change their effect (Figure 43C-D and Table 9). 

 

 

Figure 43 Contribution of the endothelium and NO/sGC/cGMP pathway to the 

vasorelaxant effects of compounds 5 and 11 in MA. (A-B) 

Concentration-response curves of compounds in MA with (E+) and 

without (E–) endothelium. (C-D) the vasorelaxant effect of the 

compounds after incubation with L-NAME (NOS blocker), 

indomethacin (COX blocker), or apamin plus charybdotoxin (EDHF 

blocker) in endothelium-intact MA (E+) rings or (G-H) with ODQ 

(sGC blocker) in endothelium-denuded MA (E–) rings. (E-F) the 

vasorelaxant effect of SNP after incubation with the compounds at 

their EC50. Values were expressed as means±SEM (n=6). ⁎p≤0.05, 

⁎⁎⁎p≤0.001 vs MA or vehicle. 
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Table 9  EC50 and Emax values of compounds 5 and 11 induced relaxations in 

endothelium-intact (E+) and -denuded (E–) MA rings in the absence or 

presence of various inhibitors 

Compounds        5       11 

Endothelium-intact (E+) 

Compound (E+) 

EC50 (µM) 0.76±0.29 0.54±0.13 

Emax (%) 95.7±1.00 93.2±1.93 

  + L-NAME 

EC50 (µM) 3.79±1.22** 2.86±1.11** 

Emax (%) 97.4±0.96 98.4±0.36 

  + Indomethacin 

EC50 (µM) 0.36±0.18 0.32±0.22 

Emax (%) 99.2±0.42 98.8±0.52 

  + Apamin + Charybdotoxin 

EC50 (µM) 0.53±0.12 0.31±0.09 

Emax (%) 97.9±0.57 98.8±0.63 

Endothelium-denuded (E-) 

Compound (E–) 

EC50 (µM) 5.24±0.98*** 3.12±0.87*** 

Emax (%) 94.3±1.28 95.5±0.51 

  + ODQ 

EC50 (µM) 2.31±0.50 3.82±0.98 

Emax (%) 97.9±0.57 98.5±0.58  

  + 4-AP 

EC50 (µM) 2.28±0.49 2.82±1.06 

Emax (%) 98.2±0.25 98.0±0.61 

  + Glibenclamide 

EC50 (µM) 1.59±0.54* 5.21±1.33 

Emax (%) 82.5±3.92 97.3±0.77 
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Compounds        5       11 

  + Iberiotoxin 

EC50 (µM) 18.65±3.07*** 14.95±3.8*** 

Emax (%) 93.3±3.13 97.6±0.50 

 

Values were expressed as means±SEM (n = 6-8). EC50 is the concentration 

of the compound giving half-maximal relaxation. Emax is the maximum response of 

MA expressed as a relaxation percentage of the contraction induced by PE. ⁎p<0.05, 

⁎⁎p<0.01, ⁎⁎⁎p<0.001 vs endothelium-intact (E+) or endothelium-denuded (E–) MA 

without inhibitors of each compound. 

 

5.2 The relaxant effect of compounds 5 and 11 relied on the potentiation 

of the sGC/cGMP pathway, activation of KCa channels and inhibition of α1-

adrenergic receptors and ROCC. 

The possible role of compounds 5 and 11 as a potentiator of the sGC/cGMP 

pathway was studied in endothelium-denuded MA rings. As shown in Figure 44E-F, 

consistent with a PDE5 inhibitory effect, all compounds slightly but significantly 

enhanced the relaxant effect of SNP. Consistently, EC50 of SNP was reduced by the 

incubation with the compounds (EC50=16.8±4.5 nM (vehicle) vs 3.0±1.3 nM 

(compound 5) and 5.96±3.5 nM (compound 11), p<0.05). To determine if a direct 

activation of the sGC might be also involved, the effect of ODQ (an sGC inhibitor) was 

studied. Figure 44G-H and Table 7 show that the sGC inhibitor did not change the 

relaxant effect of the compounds in the MA. 

The effect of various K+ channel blockers (4-AP, glibenclamide, and 

iberiotoxin that inhibit KV, KATP, and KCa, respectively) was then evaluated on 

endothelium-denuded MA rings. Among them, only iberiotoxin significantly reduced 

their relaxant effect (Figure 44A-B and Table 9) as a reflection of the activation of 

KCa channels by compounds 5 and 11.  

To determine if the blockade of α1-adrenergic receptors might be involved, 

the effect of compounds 5 and 11 on PE-induced contraction was then studied. Both 

compounds slightly but significantly decreased PE-induced contraction, which was 
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lower than the contraction demonstrated by the vehicle. (Figure 44C-D). Compounds 

5 and 11 enhanced the EC50 of PE from 1.9±0.3 µM (vehicle) to 8.5±2.6 µM 

(compound 8) and 6.1±1.9 µM (compound 11) (p<0.05) but did not change the Emax 

value (107.5±2.7% (vehicle) vs 103.3±2.1% (compound 5) and 107.2±3.7% 

(compound 11). 

Finally, the contribution of extracellular or intracellular Ca2+ fluxes was 

evaluated. Both compounds reduced the contraction elicited by extracellular Ca2+ 

influx in PE-exposed rings (opening of ROCC, Figure 44E). However, compounds 5 

and 11 changed neither the extracellular Ca2+ influx in 80 mM high K+ solution-

exposed rings (opening of VOCC, Figure 44F) nor the intracellular Ca2+ release from 

SR (Figure 44G). 

 

 

Figure 44 Contribution of K+ channels, α1-adrenergic receptors and Ca2+ 

channels to vasorelaxant effects of compounds 5 and 11 in the MA. (A-

B) The vasorelaxant effect of compounds after incubation with various 

K+ channel inhibitors: 4-AP (KV blocker), glibenclamide (KATP 

blocker) or iberiotoxin (KCa blocker). (C-D) Concentration-response 

curves for PE-induced contraction after incubation with compounds or 

vehicle in endothelium-denuded MA (E–). Concentration-response 

curves of CaCl2 after incubation of endothelium-denuded MA (E–) 

rings with compounds or vehicle and exposure to PE (E, ROCC 

opening) or 80 mM high K+ solution (F, VOCC opening) in a Ca2+-free 
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Krebs solution. (G) Effect of compounds on Ca2+ released from SR. 

Values were expressed as means±SEM (n = 5-6 rats). ⁎p<0.05, 

⁎⁎⁎p<0.001 vs vehicle.  

 

6. Cytotoxicity of compounds 5, 11 and sildenafil on cultured hepatocytes 

Rat hepatocytes in primary cultures were exposed to compounds 5, 11, 

sildenafil and the vehicle (0.1% DMSO) for 24 h, 48 h and 72 h before the MTT 

assay. As shown in Figure 45A-C, viability remained >80% with all compounds at 

concentrations up to 10–5 M. At higher concentrations (10–5 to 10–4 M), compounds 5 

and 11 led to a time-dependent and concentration-dependent decrease in cell viability. 

IC50 values for compound 5 at 24 h, 48 h and 72 h of exposure were (µM) 73±12, 

43±6 and 18±0.1, respectively, and for compound 11 were (µM) 61±10, 23±1 and 

19±0.3, respectively. Sildenafil was less toxic with viability >80% whatever the time 

or concentration. 

 

 

Figure 45 Effects of compounds 5, 11 and sildenafil on cell viability in primary 

rat hepatocyte cultures. Cell viability was studied in rat hepatocyte 

cultures after 24h (●), 48h (■) or 72h (▲) exposure with compound 5 
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(A), compound 11 (B), sildenafil (C) or control (0.1% DMSO) and 

expressed as a percentage of the control (0.1% DMSO). Values were 

expressed as means±SEM from a triplicate of 3 independent cultures. 

*p<0.05, **p<0.01, ***p<0.001 vs cell viability of control (0.1% DMSO) 

for each time of culture. 

 

7. Effects of compounds 5, 11 and sildenafil on CYP activities in isolated 

hepatocytes 

CYP1A, 2B, 2C and 3A activities were measured in rat hepatocytes after 24 h, 

48 h and 72 h of exposure to compounds 5, 11, sildenafil, control (0.1% DMSO), 

reference inducers or reference inhibitors. Non-cytotoxic concentrations of 

compounds 5, 11, and sildenafil (0.1-10 µM) were chosen.  

As shown in Figure 46-47, β-NF was used as a reference inducer for CYP1A 

activity and PB for CYP2B, 2C and 3A activities, whereas α-NF was used as a 

reference inhibitor for CYP1A activity, Ery for CYP2B activity, and Keto for CYP2C 

and 3A activities. As expected, β-NF caused a significant induction (4-, 6- and 17-

fold increases at 24 h, 48 h and 72 h, respectively) of CYP1A activity, while PB 

significantly increased CYP2B (2-, 4- and 8-fold increases at 24 h, 48 h and 72 h, 

respectively), CYP2C (2-, 3- and 4-fold increases at 24 h, 48 h and 72 h, respectively) 

and CYP3A activities (3-, 20- and 59-fold increases at 24 h, 48 h and 72 h, 

respectively), whereas α-NF Ery or Keto had the opposite effect. 

Compound 5 (Figure 46) did not change CYP1A and 2B activities but 

inhibited CYP2C (only at 5 and 10 µM) and CYP3A (only at 10 µM) at all exposure 

times. Compound 11 (Figure 47) slightly increased CYP1A activity in a 

concentration-independent manner (0.1-2.5 µM) after 72 h of treatment and inhibited 

CYP3A activity only at the highest concentration (10 µM), at all exposure times. 

Sildenafil (Figure 48) led to a concentration-dependent increase in CYP1A activity, 

up to 6-fold and inhibited CYP3A, only at the two highest concentrations (5 and 10 

µM).  
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Figure 46 Effects of compound 5 on CYP activity in isolated rat hepatocytes. 

CYP1A (A), CYP2B (B), CYP2C (C) and CYP3A (D) activities were 

measured in primary rat hepatocyte cultures after 24 h, 48 h and 72 h 

of exposure with compound 5 or control (0.1% DMSO). -NF (50 µM 

for CYP1A) and PB (1 mM for CYP2B or 2 mM for CYP2C and 3A) 

were used for 24 h, 48 h and 72 h of treatment as reference CYP 

inducers. α-NF (10 µM for CYP1A), Ery (10 µM for CYP2B) and Keto 

(25 µM for CYP2C and 3A) were added for 2 h (α-NF) or 24 h (Ery 

and Keto) in culture as reference CYP inhibitors. Results are expressed 

as fold-change vs control (0.1% DMSO, set at 1). Statistical analysis 

was processed only when the fold change was <1 for CYP inhibition 

and ≥2 for CYP induction. Values were expressed as means±SEM from 

a triplicate of 3 independent cultures. *p<0.05, **p<0.01, ***p<0.001 vs 

control (0.1% DMSO) for each time of culture. 
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Figure 47 Effects of compound 11 on CYP activity in isolated rat hepatocytes. 

CYP1A (A), CYP2B (B), CYP2C (C) and CYP3A (D) activities were 

measured in primary rat hepatocyte cultures after 24 h, 48 h and 72 h 

of exposure with compound 11 or control (0.1% DMSO). -NF (50 µM 

for CYP1A) and PB (1 mM for CYP2B or 2 mM for CYP2C and 3A) 

were used for 24 h, 48 h and 72 h of treatment as reference CYP 

inducers. α-NF (10 µM for CYP1A), Ery (10 µM for CYP2B) and Keto 

(25 µM for CYP2C and 3A) were added for 2 h (α-NF) or 24 h (Ery 

and Keto) in culture as reference CYP inhibitors. Results are expressed 

as fold-change vs control (0.1% DMSO, set at 1). Statistical analysis 

was processed only when the fold change was <1 for CYP inhibition 

and ≥2 for CYP induction. Values were expressed as means±SEM from 

a triplicate of 3 independent cultures. *p<0.05, **p<0.01, ***p<0.001 vs 

control (0.1% DMSO) for each time of culture. 
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Figure 48 Effects of sildenafil on CYP activity in isolated rat hepatocytes. 

CYP1A (A), CYP2B (B), CYP2C (C) and CYP3A (D) activities were 

measured in primary rat hepatocyte cultures after 24 h, 48 h and 72 h 

of exposure with sildenafil or control (0.1% DMSO). -NF (50 µM for 

CYP1A) and PB (1 mM for CYP2B or 2 mM for CYP2C and 3A) were 

used for 24 h, 48 h and 72 h of treatment as reference CYP inducers. α-

NF (10 µM for CYP1A), Ery (10 µM for CYP2B) and Keto (25 µM for 

CYP2C and 3A) were added for 2 h (α-NF) or 24 h (Ery and Keto) in 

culture as reference CYP inhibitors. Results are expressed as fold-

change vs control (0.1% DMSO, set at 1). Statistical analysis was 

processed only when the fold change was <1 for CYP inhibition and ≥2 

for CYP induction. Values were expressed as means±SEM from a 

triplicate of 3 independent cultures. *p<0.05, **p<0.01, ***p<0.001 vs 

control (0.1% DMSO) for each time of culture. 
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Discussion of study I 

The present study has provided new pharmacological and development 

information on a series of quinazoline-based PDE5 inhibitors. It was found that (i) 

two quinazolines compounds, compounds 5 and 11, had in vitro inhibitory properties 

on human PDE5 and potent vasorelaxant effect on isolated rat pulmonary arteries, (ii) 

their effect relied on both endothelium-dependent and endothelium-independent 

mechanisms, (iii) they had greater selectivity for pulmonary vs systemic circulation 

than sildenafil, (iv) they exhibited weak VSMC and hepatocyte toxicity as well as a 

weak inhibitory effect on CYP3A (>10-5 M). 

Pulmonary vasculature regulation via the sGC/cGMP pathway is a critical 

target for PAH treatment. Degradation of cGMP in the pulmonary VSMCs is 

primarily regulated by PDE5, and the inhibition of this enzyme leads to an increase in 

cGMP and vasorelaxation, thus alleviating PAH. The present study evaluated six 

quinazoline derivatives (N2,N4-disubstituted quinazoline 2,4-diamines) which 

exhibited human PDE5 inhibitory activity. Among them, compounds 5 and 11 had the 

greatest in vitro potency, comparable to that of the drug, sildenafil. The results 

indicated that 3-sulphonamide (−3-SO2NH2) in the compounds 5 and 11 is important 

for this activity, while the effect of thiophene substitution by a phenyl ring at the R1 

has a smaller, but more favorable, impact on the activity. This configuration appears 

to maximize the H-bond interactions as well as pi-stacking interactions within the 

PDE5 active site, as observed for other quinazoline derivatives (Pobsuk et al., 2019). 

Consistent with their effects on PDE5 and the role of PDE5 in pulmonary 

vasculature, compounds 5 and 11 were also the most efficient to induce vasodilation 

in isolated PA. As a confirmation that their vasorelaxant effects were indeed 

secondary to PDE5 inhibition, our data showed that they enhanced the vasorelaxant 

effect of a NO-donor (SNP) on endothelium-denuded PA rings, indicating that cGMP 

levels in VSMCs have been increased by the 2 quinazolines. Of interest, the selective 

sGC inhibitor ODQ was able to reduce the vasorelaxant effect of compounds 5 and 11 

in endothelium-denuded arteries, thus indicating that direct activation of sGC is also 

involved. The present study did not identify whether the compounds act as GC 

stimulators (as Riociguat) requiring heme-containing sGC or as sGC activators (as 

cinaciguat) activating heme-free sGC. However, this dual action on the sGC/cGMP 
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pathway is of particular interest as both expressions of PDE5 and sGC are upregulated 

in PAH (Schermuly et al., 2008). Growing evidence indicates that endothelial 

dysfunction of the PA is a pivotal mechanism involved in the pathogenesis of PAH. 

Endothelial dysfunction results in increased vascular resistance through an imbalance 

between the production of contracting and relaxing factors but also in the uncontrolled 

proliferation of endothelial cells and smooth muscle cells, fibroblasts, thus leading to 

vascular remodeling in PAH (Kurakula et al., 2021). The present study demonstrated 

that the removal of the endothelium significantly impaired the relaxant effect of 

compounds 5 and 11. By using selective inhibitors of the main endothelium pathways, we 

demonstrated that these quinazolines potentiate the NO-cGMP pathways. Combined with 

their effect on the sGC/cGMP pathway in VSMCs, this indicates that these compounds 

can enhance the entire NO/sGC/cGMP pathway in PA, similarly to sildenafil. 

Hypoxia was reported to selectively inhibit the function and expression of 

voltage-gated K+ (KV) channels in PASMCs, thus contributing to the development of 

PAH (Le Ribeuz et al., 2020; Mandegar & Yuan, 2002). Here, we tested how these 

channels are involved in the response to compounds 5 or 11. Our findings indicate 

that neither of the tested compounds exhibited significant effects on KV, KATP, or KCa 

channels in endothelium-denuded PA rings. Thus, we investigated whether the 2 

quinazolines may hamper intracellular or extracellular Ca2+ fluxes in the VSMC. 

Indeed in PAH, hypoxia upregulates transient receptor potential channels leading to 

enhanced Ca2+ entry through receptor-operated and store-operated Ca2+ channels 

thereby inducing pulmonary vasoconstriction (Murray et al., 2006). Our data 

indicated that the vasorelaxant effect compounds 5 and 11 did not involve the 

inhibition of α1-adrenergic receptors, whereas they inhibited intracellular Ca2+ release 

from the SR as well as extracellular Ca2+ influx via ROCC. We found the same results 

as the effect of sildenafil on K+ channels, α1-adrenergic receptors and Ca2+ 

homeostasis. Although the lack of the VOCC inhibitory effect of sildenafil was 

reported in isolated rabbit PA (Toque et al., 2008), the present study provided new 

information that it inhibited ROCC and Ca2+ release and a mechanistic study was also 

conducted on the MA, to determine if the mechanisms of vasorelaxation of 

compounds 5 and 11 differ according to the vascular beds. The mechanisms involved 

in the effect of compounds 5 and 11 are similar in both the MA and PA regarding 
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endothelium-dependent mechanisms, potentiation of SNP, and effects on Ca2+ fluxes 

but differ as regards K+ channels and sGC activation. Indeed, iberiotoxin reduced the 

relaxant effect of compounds 5 and 11 whereas the sGC inhibitor did not change the 

relaxant effect of the compounds in the MA. In an isolated tissue bath, the rings were 

incubated with the compounds for approximately 1 hr, thus cell viability was tested. 

To test the cytotoxicity of the quinazoline derivatives on VSMCs, incubation of the 

freshly isolated rat aorta and PASMCs, with either quinazolines derivatives or 

sildenafil, for 1hr, did not affect %cell viability of either VSMCs, except for the 

highest concentration of sildenafil (100 µM) that reduced %cell viability of the 

PASMCs. In addition, the viability of the rings was tested for their vasoconstriction 

effects in a high K+ solution at the end of the experiment. The rings still showed 

contraction which indicated that the VSMCs remained functional. These data support the 

direct vasorelaxant effect on the vessels caused by the action of the compounds. Toxicity 

was not a relevant factor in these actions. 

The successful development of a series of quinazoline derivatives is 

dependent on having negligible on or off-target toxicity. Side effects, rather than 

unsatisfactory pharmacological efficacy, have been estimated to be responsible for the 

attrition of approximately one-third of drug candidates and are a major contributor to 

the high cost of drug development, particularly when not recognized until late in 

clinical trials or post-marketing (Guengerich, 2011). This has led to the evaluation of 

toxicity and side effects of new drug candidates necessarily being done in parallel 

with the optimization of their efficacy at early discovery phases. In the present study, 

the toxicity of compounds 5 and 11 were evaluated in cultured rat hepatocytes. Our 

results showed that incubation of rat hepatocytes with compounds 5 and 11 at 

concentrations greater than 10-5 M reduced cell viability in a concentration-dependent 

and time-dependent manner, whereas toxicity of sildenafil was not observed. 

However, IC50 of compounds 5 and 11 on hepatocytes for 72 hr was ~18 µM whereas 

their EC50 for PA vasodilation was ~1 µM. This indicates that it is unlikely that such 

hepatotoxicity may occur at pharmacological concentrations. Further studies are 

needed to better characterize these effects on the liver. In PAH treatments, PDE5 

inhibitors are often used in combination with the endothelin-1 antagonists (e.g. 

bosentan), which are strongly metabolized by CYP3A4 and 2C9 (Srinivas, 2016). 
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Therefore, we also investigated the drug-drug interaction potential of compounds 5 

and 11. Our results showed that the main effect on CYP was a weak CYP3A 

inhibition for both compounds, and a weak CYP2C inhibition for compound 5 only. 

These effects on liver toxicity are only evident for concentrations ~10-5 M, so it is 

unlikely that they would be observed at pharmacological doses. Our study revealed 

that both quinazoline compounds exhibited a greater inhibitory effect on CYP3A than 

sildenafil, which was previously shown to have a weak inhibitory effect (Sheweita et 

al., 2016). Additionally, 5 and 11 did not increase CYP1A activity in a concentration- 

and time-dependent manner, in contrast to sildenafil. These findings suggest that the 

quinazoline compounds have the potential for further development.  

The most common adverse drug reactions of marketed PDE5 inhibitors 

include headache, flushing, nasal congestion, nasopharyngitis (linked to a systemic 

vasodilatory effect), and dyspepsia. Visual disturbances have been reported with 

PDE5 inhibitors, due to their lack of PDE5 selectivity and their capacity to inhibit 

retinal PDE6 (Huang & Lie, 2013). Previous data on rat PDE5 and PDE6 showed that 

compounds 5 and 11 were ~4.6 times more selective for PDE5, which is similar to 

sildenafil (~6.5 times) (Pobsuk et al., 2019). However, the results obtained in the 

current study show that the selectivity of compounds 5 and 11 for the PA vs the aorta was 

about 3-times greater than sildenafil suggesting that these compounds are more selective 

for pulmonary circulation than for systemic circulation than sildenafil. 

In conclusion, this study identified 2 quinazoline derivatives with potent 

human PDE5 inhibitory activity and vasorelaxant effects on the rat pulmonary artery. 

Despite a lower activity on PDE5 than sildenafil, they have a greater selectivity for 

pulmonary artery vs systemic vasculature. Their vasorelaxant effects involved not 

only PDE5 inhibition but also other relevant mechanisms in the context of PAH: 

including direct activation of sGC, blockade of Ca2+ channels and activation of NO-

dependent endothelial function. Further studies are needed to confirm these positive 

effects in vivo, in animal model of PAH. This work demonstrates the pharmacological 

effects of this series of quinazolines and give us confidence in their overall 

developability, particularly when related to liver toxicity, CYP inhibition, and 

induction effects. This has spurred further efforts to develop additional analogs with a 

view to improving their PDE5 selectivity and maximizing their vasorelaxant effects.  
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Figure 49 Summary of the mechanisms of action of compounds 5 and 11 

compared with sildenafil 
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STUDY II: Effects of compound 8 on isolated MA and mechanisms involved, 

blood pressure, cytotoxicity, and CYP activities in comparison to nifedipine 

 

Results of study II 

As depicted in Figure 36, the comparison of the vasorelaxant effect of six 

quinazoline derivatives on the PA versus the aorta revealed that only compound 8 

displayed better aortic selectivity than PA. This observation led us to investigate its 

impact on systemic vasculature, using nifedipine as a comparator. 

 

1. Vasorelaxant compound 8 and its underlying mechanism 

1.1 Compound 8 induced a robust endothelium-independent vasorelaxant 

effect. 

As presented in Figure 50 and Table 10, compound 8 induced a potent 

vasodilator effect on MA (EC50=0.56±0.17 µM, Emax=98.8±0.5%). This effect was 

not significantly different in the denuded MA rings (E–, EC50=0.64±0.12 µM, 

Emax=99.2±0.2%, Figure 50A) and was equivalent to that of nifedipine 

(EC50=0.41±0.09 µM, Emax=98.7±0.4%, Figure 50B). The solvent used, DMSO at a 

final concentration of 0.13% had no effect (Figure 50A, Table 10). Thus, the 

mechanisms involved in the relaxant effect of compound 8 are endothelium-

independent. 

 

 

Figure 50 Vasorelaxant effect of compound 8 and nifedipine on rat MA. (A) 

Concentration-response curves of compound 8 or the vehicle in the 
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MA with (E+) or without (E–) endothelium precontracted with 10–5 M 

PE. (B) Comparison of the vasorelaxant effect of compound 8 and 

nifedipine in MA (E+). Values were expressed as means±SEM (n = 6-

12 rats).  

 

Table 10 EC50 and Emax values of compound 8 induced relaxation in 

endothelium-intact (E+) and -denuded (E–) MA rings in the absence or 

presence of various inhibitors 

 EC50 (µM) Emax (%) n 

Endothelium-intact arteries (E+) 

Compound 8 0.56±0.17 98.8 ± 0.5 8 

Nifedipine 0.41±0.09 98.7 ± 0.4 6 

Vehicle - 18.9 ± 2.4 6 

Endothelium-denuded arteries (E–) 

Compound 8 0.64±0.12 99.2 ± 0.2 12 

+  4-AP 0.35±0.19 99.3 ± 0.4 7 

+  Glibenclamide 1.30±0.42 99.1 ± 0.4 7 

+  Iberiotoxin    6.05±2.27** 99.1 ± 0.2 7 

+  ODQ    4.79±1.48** 97.4 ± 1.1* 6 

Vehicle - 14.1 ± 2.2 7 

 

The values are the means±SEM of the number n of rats. EC50 is the 

concentration of the compound giving half-maximal relaxation. Emax is the maximum 

response of MA expressed as a relaxation percentage of the contraction induced by 

PE. ⁎p<0.05, ⁎⁎p<0.01 vs compound 8. 
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1.2 The relaxant effect of compound 8 relied on activation of KCa 

channel and ROCC inhibition. 

To study the mechanisms involved, endothelium-denuded MA rings were 

first incubated with various K+ channels blockers, 4-AP (KV blocker, 10–3 M), 

glibenclamide (KATP, 10–5 M) or iberiotoxin (KCa, 10–7 M). Among them, only 

iberiotoxin significantly reduced its relaxant effect as a reflection of the activation of 

the KCa channels by compound 8 (Figure 51, Table 10). The contribution of 

extracellular or intracellular Ca2+ fluxes was then evaluated. As compared to the 

vehicle, compound 8 reduced the contraction elicited by extracellular Ca2+ influx in 

PE-exposed rings (opening of ROCC, Figure 52A) whereas it changed neither the 

extracellular Ca2+ influx in 80 mM high K+ solution-exposed the rings (opening of 

VOCC, Figure 52B) nor the intracellular Ca2+ release from SR (Figure 52C). 

 

 

Figure 51  Contribution of K+ channels to vasorelaxant effects of compound 8 in 

the MA. Concentration-response curves of compound 8 in 

endothelium-denuded (E–) MA rings precontracted with PE and 

pretreated with various K+ channel inhibitors: 4-AP (KV blocker), 

glibenclamide (KATP blocker) or iberiotoxin (KCa blocker). Values 

were expressed as means±SEM (n = 6-12 rats). ⁎⁎⁎p<0.001 vs E–. 
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Figure 52 Contribution of Ca2+ channels to vasorelaxant effects of compound 8 in 

MA. Concentration-response curves of CaCl2 after incubation of the 

rings with compound 8 or the vehicle and exposure to PE (A, ROCC 

opening) or 80 mM high K+ solution (B, VOCC opening) in a Ca2+-free 

Krebs solution. (C) Effect of compound 8 on Ca2+ release from SR: 

after incubation with verapamil (VOCC inhibitor), the rings were 

exposed to PE to open the Ca2+ receptors of SR, in a Ca2+-free solution 

containing compound 8 or the vehicle. Values were expressed as 

means±SEM (n = 6-7 rats). ⁎⁎⁎p<0.001 vs vehicle.  

 

1.3 Effect of compound 8 on sGC/cGMP pathway and α1-adrenergic 

receptors  

As its chemical structure was inspired by that of the PDE5 inhibitor 

sildenafil, the possible role of compound 8 as a potentiator of the sGC/cGMP pathway 

was studied. As shown in Figure 53A, consistent with a PDE5 inhibitory effect, 

compound 8 slightly but significantly enhanced the relaxant effect of SNP. 

Consistently, EC50 of SNP was reduced by compound 8 incubation (0.008±0.001 µM 

(compound 8, n = 7) vs EC50=0.0017±0.005 µM (vehicle, n = 9) , p<0.05).  To 

determine if a direct activation of the sGC might be also involved, the effect of ODQ 

(an sGC inhibitor) was studied. Figure 53B and Table 8 show that ODQ markedly 

decreased the relaxation induced by compound 8. 

Finally, to determine if the blockade of α1-adrenergic receptors might be 

involved, the effect of compound 8 on PE-induced contraction was studied. As 

compared to the vehicle, compound 8 slightly but significantly decreased PE-induced 
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contraction (Figure 53C). Compound 8 enhanced the EC50 of PE (4.3±1.0 µM 

(compound 8, n = 6) vs 1.9±0.3 µM (vehicle, n = 6, p<0.05) but did not change the 

Emax value (106.6±1.7% (compound 8) vs 107.5±2.7% (vehicle)). 

 

 

Figure 53 Contribution of sGC/cGMP pathway and α1-adrenergic receptors to 

vasorelaxant effects of compound 8 in MA. (A) Concentration-

response curves of SNP (NO donor) after incubation with compound 

8 or the vehicle. (B) Concentration-response curves of compound 8 

after incubation with ODQ. (C) Concentration-response curves for 

PE-induced contraction after incubation with compound 8 or the 

vehicle. Values are means±SEM (n = 5–12 rats). ⁎p<0.05 ⁎⁎⁎p<0.001 vs 

E– or the vehicle.  

 

2. Acute effect of compound 8 and nifedipine on blood pressure  

Figure 54 and Table 11 presents the effects of intravenous injection of the 

vehicle, compound 8 and nifedipine on blood pressure and HR. The values for the 

baseline (before infusion) were: SBP=139±9 mmHg, DBP=103±8mmHg, 

MAP=115±9 mmHg, HR=439±18 beats per minute (BPM). After infusion of the 

vehicle (5% DMSO), the values were SBP= 132±10 mmHg, DBP=97±9 mmHg, 

MAP=108±9 mmHg, HR=430±20 BPM (not significant vs the baseline). As 

compared to the vehicle, infusion of compound 8 or nifedipine at doses of 0.05 and 

0.1 mg/kg resulted in a larger and significant dose-dependent reduction in SBP, DBP 

and MAP (Figure 54A-C). Conversely, HR was unchanged whatever the dose of 

compound 8 or nifedipine (Figure 54D). The effect of compound 8 was lower than 
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that of nifedipine for the effect on SBP (Figure 54A) but not different for the effect on 

DBP, MAP and HR (Figure 54B-D). 

 

 

 

Figure 54 Acute effect of compound 8 and nifedipine on blood pressure in 

anesthetized rats. The bars show the percentage reduction in (A) SBP, 

(B) DBP, (C) MAP and (D) the percentage change in HR, calculated 

from the values measured at the peak effect after intravenous infusion 

of the vehicle (5% DMSO), compound 8 or nifedipine (0.01, 0.05 and 

0.1mg/kg BW), as compared to the baseline value before each 

infusion. Values were expressed as means±SEM (n = 5 rats per 

group). ⁎p<0.05, ⁎⁎p<0.01, ⁎⁎⁎p<0.001 vs the vehicle. #p<0.05 vs 

nifedipine at the same dose. 
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3. Cytotoxicity of compounds 8 and nifedipine on cultured hepatocytes 

Rat hepatocytes in the primary cultures were exposed to compounds 8, 

nifedipine and the vehicle (0.1% DMSO) for 24 h, 48 h and 72 h before the MTT 

assay. As shown in Figure 55A-B, viability remained >80% with compound 8 at 

concentrations up to 10–5 M. At higher concentrations (10–5 to 10–4 M), compound 8 

led to a time- and concentration-dependent decrease in cell viability. IC50 values for 

compound 8 at 24 h, 48 h and 72 h of exposure were (µM) 56±2, 28±4 and 19±2, 

respectively. Nifedipine was less toxic with viability >80% whatever the time or 

concentration, except that the concentration of 10–4 M at 72 h of exposure reduced 

cell viability to 65%. 

 

 

Figure 55 Effects of compound 8 and nifedipine on cell viability in the primary 

rat hepatocyte cultures. Cell viability was studied in the rat hepatocyte 

cultures after 24 h (●), 48 h (■) or 72 h (▲) exposure with compound 8 

(A), nifedipine (B), or the control (0.1% DMSO) and expressed as the 

percentage of the control (0.1% DMSO). Values were expressed as 

means±SEM from a triplicate of 3 independent cultures. *p<0.05, 

**p<0.01, ***p<0.001 vs cell viability of control (0.1% DMSO) for each 

time of culture. 
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4. Effects of compounds 8 and nifedipine on CYP activities in isolated 

hepatocytes 

CYP1A, 2B, 2C and 3A activities were measured in rat hepatocytes after 24 

h, 48 h and 72 h of exposure with compound 8, nifedipine, control (0.1% DMSO), 

reference inducers or reference inhibitors. Non-cytotoxic concentrations of compound 

8 and nifedipine (0.1 to 10 µM) were chosen.  

As shown in Figure 56A-B, BNF was used as a reference inducer for CYP1A 

activity and PB for CYP2B, 2C and 3A activities, whereas α-NF was used as a 

reference inhibitor for CYP1A activity, Ery for CYP2B activity, and Keto for CYP2C 

and 3A activities. As expected, BNF caused a significant induction (4-, 6- and 17-fold 

increases at 24 h, 48 h and 72 h, respectively) of CYP1A activity, while PB 

significantly increased CYP2B (2-, 4- and 8-fold increases at 24 h, 48 h and 72 h, 

respectively), CYP2C (2-, 3- and 4-fold increases at 24 h, 48 h and 72 h, respectively) 

and CYP3A activities (3-, 20- and 59-fold increases at 24 h, 48 h and 72 h, 

respectively), whereas α-NF Ery or Keto had the opposite effect. 

Compound 8 (Figure 56A) did not change CYP2B and 2C activities but 

inhibited CYP1A and 3A activities only at the highest concentrations (10 µM). 

Nifedipine (Figure 56B) strongly increased CYP1A, 2B, and 3A activity in a 

concentration-dependent manner after 72 h of the treatment, which increased the 

activity up to 6-fold for CYP1A, 4-fold for CYP2B, and 12-fold for CYP3A. For 

CYP2C activity, nifedipine increased activity up to 3-fold only at the highest 

concentrations (10 µM) after 72 h of treatment. 
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Figure 56 Effects of compounds 8 and nifedipine on CYP activity in isolated rat 

hepatocytes. CYP1A (a), CYP2B (b), CYP2C (c) and CYP3A (d) 

activities were measured in primary rat hepatocyte cultures after 24 

h, 48 h and 72 h of exposure with compound 8 (A) and nifedipine (B) 

or control (0.1% DMSO). -NF (50 µM for CYP1A) and PB (1 mM 

for CYP2B or 2 mM for CYP2C and 3A) were used for 24 h, 48 h and 
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72 h of treatment as reference CYP inducers. α-NF (10 µM for 

CYP1A), Ery (10 µM for CYP2B) and Keto (25 µM for CYP2C and 

3A) were added for 2 h (α-NF) or 24 h (Ery and Keto) in a culture as 

reference CYP inhibitors. Results are expressed as fold-change vs 

control (0.1% DMSO, set at 1). Statistical analysis was done only 

when the fold change was <1 for CYP inhibition and ≥2 for CYP 

induction. Values were expressed as means±SEM from a triplicate of 

3 independent cultures. *p<0.05, **p<0.01, ***p<0.001 vs control 

(0.1% DMSO) for each time of culture. 

 

Discussion of study II 

The major findings of this study are that compound 8 (N2-methyl-N4-

[(thiophen-2-yl)methyl]quinazoline-2,4-diamine) induced a vasorelaxant effect on 

resistance vessels through endothelium-independent mechanisms, that translated into 

an in vivo acute hypotensive effect in rats. These favorable pharmacological effects 

were associated with low liver hepatocyte toxicity as well as a low effect on CYP 

activities. 

In the cardiovascular system, vascular function and blood pressure are 

controlled by the tone of smooth muscle surrounding the small arteries and arterioles 

(Jackson, 2000). The regulation of the VSMCs is dependent on a complex interplay of 

vasodilation and vasoconstriction factors by neurotransmitters, circulating hormones, 

and endothelium-derived factors (Jackson, 2000; Nava & Llorens, 2019). The present 

study, conducted ex vivo on isolated MA, a model of resistance vessels (Li et al., 

2005), demonstrated that compound 8 induced a strong vasorelaxant effect as its 

effect was equivalent to that of nifedipine, a calcium entry-blocking agent that lowers 

blood pressure by relaxing arterial and arteriolar smooth muscle (Robinson, 1985). 

Like nifedipine, the vasorelaxant effect of compound 8 was independent of the 

presence of endothelium. The results obtained in vivo demonstrated that compound 8 

had a direct effect on arteries without obvious cardiac effects. Indeed, intravenous 

infusion of compound 8 reduced blood pressure but did not reduce heart rate. On the 

contrary, a small increase in heart rate was observed likely as a reflection of decreased 
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baroreflex activation secondary to the hypotensive effect. The acute hypotensive 

effect of compound 8 on MAP was not different from nifedipine. This result 

encourages initiating future studies on animal models of hypertension to determine if 

compound 8 could exert relevant anti-hypertensive properties. 

Mechanistically, ion channels (Ca2+ and K+ channels) on plasma membrane 

of VSMCs play a central role by determining cytosolic Ca2+ concentration and the 

sensitivity of contractile machinery to Ca2+ (Ghosh et al., 2017; Jackson, 2000). Ca2+ 

is a critical factor in the excitation-contraction coupling in VSMCs. The influx of 

extracellular Ca2+ through transmembrane Ca2+ channels (VOCC and ROCC) and the 

release of Ca2+ from SR by activation of IP3 and ryanodine receptors results in 

increased intracellular Ca2+, which causes VSMC contraction (Ghosh et al., 2017). To 

assess whether compound 8 modified the extracellular Ca2+ influx and intracellular 

Ca2+ release, experiments were conducted on endothelium-denuded MA rings 

incubated with compound 8 at its EC50 (0.6 µM). Our data revealed that compound 8 

only inhibited ROCC without any significant effect on VOCC or on intracellular Ca2+ 

release. Regarding K+, four different types of K+ channels are expressed in VSMCs, 

including Kv, KATP, KCa, and inward-rectifier K+ channels (Beleznai et al., 2011; 

Cheng et al., 2019), but Kv and KCa are extensively expressed in mesenteric arteries 

(Beleznai et al., 2011; Walker et al., 2001). Direct activation of K+ channels 

hyperpolarizes cell membrane leading to inhibition of Ca2+ influx through L-type Ca2+ 

channels and resulting in smooth muscle relaxation (Beleznai et al., 2011; Cheng et 

al., 2019). In our experiments, only iberiotoxin was able to reduce the relaxant effect 

of compound 8, thus demonstrating that an activation of KCa is involved in its effect. 

Of note, as cGMP, through the activation of protein kinases G (PKG), is capable of 

activating KCa (Archer et al., 1994), an unresolved point is if compound 8 has a direct 

activating effect on the KCa channel, or an indirect effect through the increase in 

cGMP production. Compound 8 were originally identified from a series of 

quinazolines which demonstrated an inhibitory effect on PDE5 (Chatturong et al., 

2022; Paracha et al., 2019). Rat resistance arteries express four major types of PDE, 

including PDE5 and PDE1, which hydrolyze cGMP; PDE4, which hydrolyzes cAMP; 

and PDE3, which mainly hydrolyzes cAMP but also cGMP (Komas et al., 1991; 

Sampson et al., 2001). Physiologically, endothelium-derived NO activates sGC in 
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VSMC, resulting in cGMP production.  The increase in intracellular cGMP 

concentration activates cGMP-dependent protein kinase, which causes vasorelaxation 

via the modulation of Ca2+  channels as well as by decreasing the Ca2+  sensitivity of 

the vascular smooth muscle contractile proteins (Manuel Morgado et al., 2012). Then 

intracellular cGMP is rapidly inactivated to GMP by the activity of PDEs. Therefore, 

cGMP concentration in VSMCs is mainly dependent on the balance between its 

production by sGC and its breakdown by PDE (Francis et al., 2010; Maurice et al., 

2014; M. Morgado et al., 2012; Rybalkin et al., 2003). In favor of the contribution of 

PDE inhibition to the relaxant effect of compound 8, our results showed that it 

enhanced SNP (an activator of sGC)-induced vasorelaxation on endothelium-denuded 

MA rings. However, compound 8 has a dual effect on the sGC-PDE pathway as our 

data also indicated that it acts as a direct activator of sGC. Finally, as many 

quinazolines with anti-hypertensive properties act through an α1-antagonist effect 

(Eguchi et al., 1991; El-Sabbagh et al., 2010), this mechanism was evaluated. Indeed, 

compound 8 shares a scaffold with classic α1-adrenergic receptor binders such as 

prazosin, an α1-adrenergic blocker. Both molecules contain a 2,4-diamino quinazoline 

scaffold, albeit, with prazosin being substituted at only the 2 positions. The results 

showed that compound 8 slightly but significantly lowered PE-induced contraction 

with no effect on the Emax. This result might reflect either a direct competitive 

antagonistic effect of compound 8 on α1-adrenergic receptor and/or might be the 

consequence of the inhibitory effect of compound 8 on ROCC as PE-induced 

contraction involves the opening of these channels (Rinaldi et al., 1991). Further 

studies of radioligand binding assays at the α1-adrenergic receptor would be required 

to ascertain that compound 8 has indeed an affinity for this receptor. 

Evaluation of toxicity and side effects of new drug candidate must be done in 

parallel with optimization of their efficacy at early discovery phases. In the present 

study, both liver toxicity and the potential of drug-drug interactions through CYP 

activity changes were assessed in isolated rat hepatocytes. This is of particular 

importance given that many anti-hypertensive drugs or drugs used for reducing 

cardiovascular risk, such as statins (Vaughan & Gotto, 2004), are strongly 

metabolized by CYP (Zisaki et al., 2015). Regarding toxicity, a reduction of 

hepatocytes viability was observed with compound 8 only for concentrations >10 µM. 
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As IC50 on hepatocytes after 72h of exposure was ~19 µM and EC50 for the 

vasorelaxant effect on MA was 0.56 µM, it is unlikely that such hepatotoxicity may 

occur at pharmacological concentrations. Likewise, compound 8 did not change CYP 

activities for concentrations ranging from 0.1 to 5 µM. A weak inhibition of CYP1A 

and CYP3A activities was observed only at 10 µM, so again, it is unlikely that this 

effect would be observed at pharmacological doses.  

Of note, the weak inhibitory activity of compound 8 against CYP1A and 

CYP3A activities can be rationalized from a consideration of its molecular properties. 

While CYP3A4 has a substrate preference for neutral, medium to high molecular 

weight molecules, the CYP1A2 isoform demonstrates a preference for lower 

molecular weight, neutral molecules from a systematic analysis of 10,000s of drug-

like molecules (Gleeson, 2008). The almost 2-fold decreased activity observed for the 

CYP1A isoform in the presence of compound 8, due to its inhibitory effect, is not 

unexpected given its physico-chemical properties (medium sized, neutral, aromatic 

molecule). Burton et al. (2006) found that the presence of aromaticity features was 

key to discriminating inhibitors from non-inhibitors of CYP1A2. Moreover, Shimada 

and Guengerich (2006) demonstrated that even large polycyclic aromatic 

hydrocarbons can have significant inhibitory activity at CYP1A isoforms. 

In conclusion, this study identified a N2-methyl-N4-[(thiophen-2-yl) 

methyl]quinazoline-2,4-diamine) with a potent vasodilator effect on the resistance 

vasculature associated with a hypotensive effect. Its relaxant effect involves the 

opening of KCa channels, inhibition of transmembrane calcium influx and α1-

adrenergic receptors, and potentiation of the sGC/cGMP pathway. Whether 

compound 8 could be a new drug candidate for the treatment of arterial hypertension 

deserves future studies investigating its antihypertensive effect in animal models of 

hypertension, after an oral and chronic administration of the drug. Data on liver 

toxicity and CYP interactions suggest that this compound has potential for further 

development and indicate that compound 8 may also serve as a pilot molecule for the 

development of additional analogs with vasodilating properties.  
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Figure 57 A summary of the mechanisms of action of compound 8 
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CHAPTER V 

 

CONCLUSIONS AND PERSPECTIVES 

 

PDE5 inhibitors are potent and selective pulmonary vasodilators (Badlam & 

Bull, 2017; Liu et al., 2007; Michelakis et al., 2002; Schuster et al., 2017). They 

promote NO/cGMP signaling pathway by inhibiting degradation of cGMP which 

promotes protein kinase stimulation resulting in the relaxation of vascular smooth 

muscle (Badlam & Bull, 2017; M. Morgado et al., 2012). Moreover, the PDE5 

enzyme is also widely expressed in smooth muscle cells including VSMCs (Komas et 

al., 1991). Long-term conditions with high PDE5 levels in the VSMC of PA lead to 

decreased activity of cGMP/PKG, which causes an increase in [Ca2+ ]i, resulting in 

vasoconstriction  and ultimately leading to diseases such as PAH (Corinaldesi et al., 

2016). Recently, quinazoline derivatives (N2,N4-disubstituted quinazoline 2,4-

diamines) have been designed based on their pharmacophore similarity to sildenafil 

and found to have PDE5 inhibitory activity (Paracha et al., 2019; Pobsuk et al., 2019). 

Thus, the potent PDE5 inhibitory activity of the quinazoline derivatives could 

clinically translate into a vasodilator effect. However, the effects of the quinazoline 

derivatives have rarely been reported in studies on rat pulmonary circulation and 

systemic circulation, thus their mechanisms of action are still unclear. Therefore, the 

objectives of the present study were to investigate the effect of the quinazoline 

derivatives with PDE5 inhibitory activities on cardiovascular function and its 

underlying mechanisms both pulmonary circulation and systemic circulation. Their 

cytotoxicity on isolated rat VSMCs and isolated rat hepatocytes as well as their 

impact on CYP inhibition and induction were also evaluated. These outcomes 

demonstrated the pharmacological effects of this series of quinazolines (compounds 5, 

8 and 11) and gave confidence for their overall use in the development of 

pharmaceutical products, particularly when related to liver toxicity, CYP inhibition, 

and induction effects. This has spurred further efforts to develop additional analogs 

with a view to improving their PDE5 selectivity and maximizing their vasorelaxant 



125 

 

effects. This scientific data demonstrated that the quinazoline derivatives could have 

the potential to be drugs for PAH or systemic hypertension. 

The first part of the study has provided new pharmacological and 

development information on a series of N2, N4-diamino quinazoline analogues 

(compound 4, 5, 8, 9, 10 and 11) by identifying, in an in vitro study of human PDE5, 

that two quinazoline derivatives (compounds 5 and 11) have high inhibitory 

properties and potent vasorelaxant effects on isolated rat PA, and do not induce 

vascular cytotoxicity. Despite a lower activity on PDE5 than shown by sildenafil, 

compounds 5 and 11 have a greater selectivity for pulmonary vs systemic vasculature 

than sildenafil. Their vasorelaxant effects on PA relied on both endothelium-

dependent and endothelium-independent mechanisms. These involved not only PDE5 

inhibition but also other relevant mechanisms in the context of PAH: including direct 

activation of sGC, blockade of Ca2+ channels and activation of NO-dependent 

endothelial function. Compounds 5 and 11 also exhibited weak hepatocyte toxicity as 

well as a weak inhibitory effect on CYP3A (>10-5 M).  

The second part of the study identified that compound 8 has a potent 

vasodilator effect on the resistance vasculature through endothelium-independent 

mechanisms, this translated into an in vivo acute hypotensive effect in rats. Its 

relaxant effect involves the opening of KCa channels, inhibition of transmembrane 

Ca2+ influx and α1-adrenergic receptors, and potentiation of the sGC/cGMP pathway. 

Compound 8 also exhibited low liver hepatocyte toxicity as well as low effect on 

CYP1A and 3A activities (>10-5 M). 

The investigation of the relationships between molecular structure 

compounds and their biological activity helps in the discovery of new chemical 

compounds with specific biological properties. Although the quinazoline derivatives 

share the same core chemical structure, the substitutions in different molecular 

positions result in them having different target-specific properties. In the structure-

activity relationship for quinazoline derivatives, it was found that substitution of 

benzyl (compound 5) or 2-thiophenemethyl (compounds 8 and 11) at R1 did not 

demonstrate significantly different PDE5 inhibitory activity and vasorelaxation 

activity. This result showed that the substitution at R1 might not play a prominent role 

in receptor binding, a finding that corresponds with the previous study of Pobsuk et al. 
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(2019) on the binding of quinazoline derivatives with the PDE5 enzyme. However, 

complementing substitution at R2 with various groups was likely to enhance all tested 

activities (Paracha et al., 2019; Pobsuk et al., 2019). Thus, we can state that the ring at 

R1 might not take a direct part in the binding of the compound but may influence a 

change to the desired conformation of the molecule to interact at target sites. As 

shown in Figure 58, compounds 5, 8 and 11 shares structural similarity with prazosin 

via the 2,4 diamino quinazoline, but only compounds 5 and 11 share structural 

similarity with sildenafil at the R2 position of the core structure of quinazoline. The 

results demonstrated that 3-sulphonamide (−3-SO2NH2) at the R2 position in 

compounds 5 and 11 is important for their activities, where both compounds have a 

stronger PDE5 inhibitory effect and are more selective in inducing pulmonary 

vasculature relaxation than compound 8. As mentioned previously, compound 8 has a 

structure similar to prazosin and also has 4-morpholino at the R2 position, which 

makes compound 8 more selective in inducing systemic vasculature relaxation. 

Paracha et al. (2019) reported that compound 8 plays a similar role as prazosin in 

inhibiting the α1-adrenergic receptor by reducing PE-induced contraction by around 

40% as well as PDE5 inhibition. Thus, compounds 5 and 11 could be potential leads 

for developing new PDE5 for the treatment of PAH, whereas compound 8 could be a 

potential lead for developing new anti-hypertensive drugs.  

 

 

Figure 58 Chemical structure of sildenafil, prazosin and quinazoline derivatives 
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When comparing compounds 5 and 11 against sildenafil, it was observed that 

the vasorelaxant effect on PA of compounds 5 and 11 was less than that of sildenafil. 

However, the compounds had a greater selectivity for pulmonary vs systemic 

vasculature than sildenafil. Also, compounds 5 and 11 did not affect the PA VSMCs, 

while sildenafil at 100 µM reduced their cell viability. The effects of compounds 5 

and 11 on liver toxicity were only evident for concentrations of >10 µM. The half-

maximal inhibitory concentration after 72 h of exposure to compound 5 was 18 µM 

and for compound 11 was 19 µM, whereas the half-maximal effective concentration 

to induce PA vasorelaxation was approximately 0.9 µM for compound 5 and 1.0 µM 

for compound 11 indicating that it is unlikely that such hepatotoxicity may occur at 

pharmacological concentrations. In PAH treatments, PDE5 inhibitors are often used in 

combination with endothelin-1 antagonists (e.g., bosentan), which are strongly 

metabolized by CYP3A4 and 2C9 (Srinivas, 2016). The present study showed that the 

main effect on CYP was a weak CYP3A inhibition for both compounds 5 and 11 

(only at 10 µM), while sildenafil showed similar inhibition of CYP34, but at 5 and 10 

µM. Compound 5 showed a weak CYP2C inhibition also only at 5 and 10 µM. 

Additionally, compounds 5 and 11 did not increase CYP1A activity in a 

concentration-dependent and time-dependent manner, in contrast to sildenafil which 

did increase CYP1A activity. These findings suggest that both compounds 5 and 11 

have the potential for further development for the treatment of PAH. 

When comparing compound 8 and nifedipine, it was observed that 

compound 8 induced a strong vasorelaxant effect equivalent to that of nifedipine. The 

vasorelaxant effect of both compound 8 and nifedipine was endothelium-independent 

and the hypotensive effect of compound 8 on MAP was also no different than that of 

nifedipine. As well, the effects of compound 8 on liver toxicity are only evident for 

concentrations of >10 µM. The half-maximal inhibitory concentration after 72 h of 

exposure to compound 8 was 19 µM, whereas the half-maximal effective 

concentration to induce MA vasorelaxation was approximately 0.6 µM, indicating 

that it is unlikely that such hepatotoxicity may occur at pharmacological 

concentrations. Many anti-hypertensive drugs or drugs used for reducing 

cardiovascular risk, such as statins (Vaughan & Gotto, 2004), are strongly 

metabolized by CYP (Zisaki et al., 2015). While nifedipine showed a strong inducing 
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effect on all CYP activities, compound 8 did not change CYP activities for 

concentrations ranging from 0.1 to 5 µM. A weak inhibition of CYP1A and 3A 

activities was observed only at 10 µM, so again, it is unlikely that this effect would be 

observed at pharmacological doses. This study demonstrated that the relaxant effect of 

compound 8 was not mediated by an activation of endothelial function. In the context 

of hypertension in which endothelial dysfunction is both a hallmark and a target for 

reducing the cardiovascular complications of the disease (Xu et al., 2021), it will be 

necessary to check if the compound might decrease endothelial dysfunction when 

administered in vivo in relevant animal models. 

Although all results obtained from this research project were tested in non-

clinical situations, our results nonetheless offer scientific evidence or knowledge of 

the physiological and pharmacological action of quinazoline derivatives. The results 

from this study provide scientific evidence which will inform the future development 

of therapies for PAH and hypertension. The in vitro and ex vivo data suggest that 

compounds 5 and 11 can inhibit PDE5 and also induce PA relaxation, thus they have 

the potential to reduce the PAH context. As compound 8 can induce MA relaxation 

and induce acute hypotension, it might therefore have the potential to reduce the 

hypertension context. However, there is a need for animal models or clinical studies 

to confirm these results in a wider context. Further development is needed for 

quinazoline derivatives to be demonstrated as an alternative drug or supplement for 

patients with PAH or systemic hypertension.  

 

Further studies 

This study leaves important matters unanswered: 

1. The effects of compounds 5 and 11 on cardiovascular disease need to 

be confirmed in in vivo studies using animal models of PAH, after an oral and chronic 

administration of the drug. The compounds have to be tested not only for vascular 

relaxation but also for their effects on vascular remodeling. The most commonly used 

animal models of PAH are (i) the chronic hypoxic model, where animals are exposed 

to low O2 levels for a prolonged period of time, and (ii) the monocrotaline injury 

model, where animals are injected with a chemical called monocrotaline, which 

results in lung vascular functional and histological changes and leads to PAH 
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(Stenmark et al., 2009). These models have been used for a long time and have helped 

researchers better understand PAH and develop new drugs for PAH. 

2. Study the therapeutic effects of compounds 5 and 11 on the PAH 

model and aimed to clarify the possible mechanisms underlying their inhibitory action 

on vascular remodeling, progressive fibroproliferative remodeling, inflammation of 

the pulmonary artery, and right ventricular hypertrophy. 

3. The effects of compound 8 on cardiovascular disease need further 

investigation for its anti-hypertensive effects, in animal models of hypertension, such 

as the model of spontaneously hypertensive rat (SHR) after an oral and chronic 

administration of the drug.  
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